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ABSTRACT 
 
 The stone crab, Menippe mercenaria, supported the third most valuable fishery in Florida in 
2016. Declining catch per unit effort (CPUE) and overall negative trend in landings since 2000 have 
raised concerns among fisherman, researchers, and fishery managers about the resiliency of the fishery. 
The Florida Fish and Wildlife Research Institute estimated that the Florida stone crab fishery has been 
overexploited since 1997. Overexploited fisheries, such as the commercial stone crab fishery, risk induced 
changes in life history parameters, such as age at maturation and reproductive output. In turn, these 
population-level changes have the potential to reduce the spawning stock biomass and future recruitment 
to the fishery. The research presented in this dissertation was intended to assess the Florida stone crab 
fishery stock for: 1) size at sexual maturation in females, 2) size at maturation in males, 3) potential 
fecundity, modeled as a function of spatial and temporal variables, 4) spawning potential ratios, an index 
that reveals potential recruitment overfishing, by formulating a per recruit model using the reproductive 
indices developed in this research, and 5) evaluating the impact of management changes on the spawning 
stock biomass.   
 The physiological, behavioral, morphological, and functional maturity of female stone crabs 
were assessed in individuals collected throughout the fished range of the population on the west Florida 
shelf (Cedar Key – Sawyer Key). Histology was used to determine oocyte maturity, presence of 
spermatophores, and presence of postovulatory follicles. Decision-tree analysis suggested that 50% of 
female stone crabs were mature at 43 mm carapace width, when using a combined variable of 
physiological and behavioral maturity. The decision tree accurately classified 98% of mature females and 
85% of immature females. Morphological maturity was assessed using piecewise regression to determine 
where allometric changes in growth occurred between carapace width and crusher claw length. The 
transition point between mature and immature females occurred at a carapace width of 66.3 mm. 
 viii 
 
Differences in estimates of size at sexual maturity between morphological and physiological, behavioral, 
and functional maturity indicate that relative growth of body parts is not a reliable estimate of sexual 
maturity in stone crabs. Histological analysis revealed that smaller females are contributing to the 
spawning population more than previously estimated. The corresponding carapace width at which female 
stone crab claws are vulnerable to harvest, occurs at 78 mm.  The new estimates indicated that females 
contribute to the spawning population 1-2 times prior to vulnerability to the fishery. Continued 
monitoring of sexual maturity using these methods is recommended to strengthen understanding of the 
fishery and of interactions between stone crab populations. 
 Two methods were used to assess sexual maturity physiologically and morphologically in 
male stone crabs collected throughout the range of the fishable population. Histology was used to identify 
the production of spermatophores in the anterior vas deferens, indicating physiological maturity, and each 
crab was assigned a maturity stage. Decision-tree analysis suggested that physiological maturity occurred 
at a carapace width of 34.8 mm, accurately classifying 98.9% of mature males accurately and 72.5% of 
immature males. Piecewise regression estimated that the allometric relationship between carapace width 
and crusher claw length changed at a carapace width of 63.1 mm. The difference between physiological 
and morphological estimates of size at sexual maturity indicates that, like females, changes in male 
allometric relationships between body parts may not be a reliable indicator of sexual maturity. Large 
morphometrically mature males may be more successful in mating encounters, but in times of flux in 
population size structure, morphologically immature, but physiologically mature, males may have more 
opportunities for successful mating encounters. Carapace width at which male stone crab claws are 
vulnerable to the fishery occurs at 88 mm, indicating that they are capable of contributing to the 
reproductive population multiple times prior to vulnerability to the fishery.  
 Multiple factors influencing variability in stone crab batch fecundity were quantified across 
Florida fishery sites, by implementing a negative binomial model. Fecundity was strongly and positively 
related to carapace width, and parameter estimates indicated that batch fecundity was on average higher at 
Pavilion Key (southwest Florida) and Tampa Bay (central Florida), relative to Sawyer Key (south 
 ix 
 
Florida) and Cedar Key (northwest Florida) sites at the northern and southern ends of the study area. 
Fecundity varied among 2013-2016 and was highly variable among months. In general, the lowest batch 
fecundity occurred in winter and spring months, while peak batch fecundity occurred in July and August, 
highlighting the common seasonal trend in crustacean reproductive cycles. Comparison to a 1993-1995 
study of fecundity estimates in Tampa Bay, Florida indicated that there was little change in stone crab 
fecundity between individuals collected in 1993 and 2013. However, this temporal relationship accounts 
for a small portion of the fished population and may not be reflective of the changes over time across the 
entire fishery. Although sea surface temperature and ocean color data do not explain the variability in 
fecundity between sites, I hypothesize that food quality and quantity and fishing effort may play critical 
role in regionally variable individual reproductive output. I suggest that given the variability in 
reproductive output and regional fishing practices, that further work be dedicated to identifying critical 
spawning and recruitment areas to ensure resiliency of the stone crab population.  
 Spawning potential ratios were used to evaluate the impact of alternative biological and 
management scenarios to the reproductive output in a theoretical stone crab population. The model 
incorporated the findings of size at maturation and fecundity established in previous chapters, as well as 
contemporary temperature-dependent declaw mortalities. Spawning potential ratios increased with 
decreasing size at sexual maturity and were sensitive to past and present estimates of size at sexual 
maturity, and increasing natural mortality.  However, the largest contributor to changes in the fished stock 
appears to be mortality associated with declawing and releasing stone crabs. We assessed various 
management scenarios including declaw lengths, vulnerability to capture, and variable season timing and 
length. Increases in declaw length and size at vulnerability to capture provided moderate protection to the 
spawning stock. The model estimated that adaptive management regulations which considered the timing 
and duration of seasonal fishing, based on mean monthly temperatures below 24°C (temperature at which 
declaw mortality increases), had the potential to greatly reduce mortality, and provided protection to the 
spawning population. The model was able to examine a wide range of biological and management 
scenarios; however, more research should be conducted to determine the socioeconomic impact of 
 x 
 
regulation changes. The Florida stone crab fishery is an amalgamation of unique fishing practices, rich 
culture, and both regional and economic influence.  Evolving fishing practices, conservation initiatives, 
and environmental conditions have the potential to transform the fishery. Therefore, fisheries managers, 
scientists, and stakeholders must work cooperatively to ensure the resiliency of the stone crab fishery.   
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CHAPTER ONE 
 
Introduction 
 
Florida’s recreational and commercial fisheries for invertebrates and vertebrates generates more 
than $200 million USD annually (FWC 2015 Marine Fisheries Information System). In 2015, the stone 
crab fishery ranked as the third most valuable commercial fishery in the state ($31.5 million USD) and 
ranked as the 9th largest fishery by weight with over 1,000 metric tonnes of claws landed (FWC 2015 
Marine Fisheries Information System). The commercial stone crab fishery has existed in Florida since 
1902, reached full exploitation in 1996, and has been in a state of overfishing since 1997 (Muller et al. 
2011).  Since that time, landings have fluctuated but typically remained higher than 1,100 metric tonnes 
annually. However, the 2013-2014 fishing season was the lowest recorded stone crab landings (901 
metric tonnes) since the fishery began expanding in the late 1980’s. The 2014-2015 and 2015-2016 
landings rebounded, but remained more than 500 metric tonnes below the peak landings of 2000. 
Conversely, the revenue during the most recent years of low landings have been the highest on record, 
exceeding $31 million annually. Declines in CPUE raise concern that high profits, despite declining 
supply, are sustaining intense fishing that may negatively affect the life history of the species and 
compromise the future success of this Florida delicacy.  
The stone crab fishery is composed of two species, Menippe mercenaria and Menippe adina, that 
are managed by the state of Florida as one species. The Florida stone crab, Menippe mercenaria, occurs in 
the eastern Gulf of Mexico with a range extending from North Carolina through the Caribbean, including 
peninsular Florida (Guillory et al. 1995). Menippe adina occur in the northeast Gulf of Mexico and 
westward through the northern Gulf of Mexico and southward to Tamaulipas, Mexico (Guillory et al. 
1995). The Florida fishery is primarily composed of M. mercenaria (Gandy et al. 2016), the species of 
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focus in this work. Within their range, M. mercenaria inhabit nearshore and offshore waters consisting of 
rock, Thalassia spp. grass flats, and oyster reefs (McRae 1950; Krimsky and Epifanio 2008) Occupancy 
of these habitats is associated with season and the reproductive cycle of the crab (Lindberg and Marshall 
1984).  Females occupy nearshore shallow waters year-round, but migrate from shallow to deeper habitats 
as temperatures increase in the spring.  Males are traditionally found further offshore, but migrate to 
shallow waters to mate with female stone crabs during the fall and winter and reverse the migration after 
copulation (McRae 1950; Bender 1971; Sullivan 1979). Copulation takes place only when the female is 
newly molted (Cheung 1968).  The female subsequently stores spermatophores within the seminal 
receptacles until mature eggs are present and ready for fertilization (Cheung 1968; Hartnoll 1985). 
Fertilization of mature eggs occurs in the ovary, prior to passage through the oviduct (Binford 1912).  
One copulation event is capable of producing several broods of eggs, and some spermatozoa may even be 
retained after molting (Cheung 1968).  Females are reportedly capable of producing four to six fertilized 
egg batches (Binford 1912; Porter 1960), or as estimated by Cheung (1969), 4.5 spawns per molt.  
Spawning occurs June – October throughout the continental shelf regions off of Florida and 
Mexico (McRae 1950; Bender 1971; Rosa et al. 2004; Gerhart and Bert 2008) and is strongly correlated 
to temperature (Bert et al. 1986; Cheung 1969; Gerhart and Bert 2008; Noe 1967; Sullivan 1979). Due to 
warm winter temperatures in southern Florida, it is possible for spawning to occur November- May, but 
occur in lower frequencies (Noe 1967; Cheung 1969; Sullivan 1979; Bert et al. 1986). Based on 
laboratory studies, planktonic stone crab larvae take approximately 30 days to develop into the first 
megalopa crab stage that settles in the benthos (Porter 1960; Mootz and Epifanio 1974). Subsequent 
studies have shown that growth is dependent on diet, temperature, and salinity (Lindberg and Marshall 
1984). Upon transformation to the first juvenile stage crab, individuals seek shelter in environments 
consisting of shell fragments, grass flats, rock, oyster beds, and floating Sargassum spp. mats (Bender 
1971; Bert et al. 1978).  Growth in these early stages is relatively rapid with an approximate 15% (Savage 
and McMahan 1968) to 30% (Krimsky and Epifanio 2010) size (carapace width) increase during the first 
juvenile molt.  Male and female adult stone crabs molt annually, but males exhibit higher variability in 
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intermolt periods (Bert et al. 1986). Males are also more susceptible to the fishery due to their larger size 
and more desirable claws (Bert et al. 1986). While claw loss is common for both males and females, 
especially due to intense fishing on the species, the stone crab is capable of regenerating lost claws, 
should it survive. This process is dependent on many factors, such as temperature, salinity, and food 
availability (Hogan 2013; Gandy et al. 2016). If environmental factors are favorable, it takes 
approximately 1 - 2 molt cycles (2 - 3 years) for the claw to regenerate to the length when it was removed 
(Savage and Sullivan 1978). However, it is unlikely that a crab contributes to the fishery more than once 
due to high mortality (23 - 85%) associated with capture and declawing (Gandy et al. 2016).   
The stone crab’s large profitable claws are the basis of this highly successful commercial fishery. 
Regulations allow removal of claws only if they are greater than 70 mm propodus length, from non-egg 
bearing crabs (Florida Administrative Code 68-B). The crab must be released live resulting in only the 
claws landed and reported as the fishery product. Consequently, no population information is available. 
Assessments of the Florida stone crab stock are, therefore, based on claw landings and effort provided by 
the Marine Fisheries Trip Ticket Program. Lack of information on the number of crabs harvested 
precludes the use of more refined stock assessments and growth models that account for life history 
patterns and the ecological role of the species (Lowerre–Barbieri et al. 2011).  
Overexploited fisheries, such as the commercial stone crab fishery, risk fishery-induced changes 
in life history at a population level, primarily due to changes in age-specific reproductive effort (Ricker 
1969; Pitt 1975; Leaman 1991). This includes lower age at first maturity (Ricker 1969; Pitt 1975; Leaman 
1991), size at specific fecundity, lower reproductive effort, and shorter reproductive life span (Leaman 
1991).  Earlier onset of sexual maturity is the most common characteristic impacted (Law and Grey 1989; 
Hutchings and Myers 1993; De Roos et al. 2006). Modification to the size and age of sexual maturation 
may negatively affect an individual’s reproductive success (Roff 1993; Stearns 1992). Reproduction 
requires a substantial allocation of energy, which negatively impacts somatic growth. When growth is 
inhibited, fewer individuals are available to the fishery, resulting in lower yields (Fenberg and Roy 2008). 
In addition, owing to the increased mortality from trap interactions and poor condition caused by 
 4 
 
reproduction, it is possible that these individuals may die before becoming available to the fishery 
(Stearns 1976; Partridge et al. 1991; Zera and Harshman 2001; Green et al. 2014).  Energy trade-offs are 
of particular concern for stone crabs because of their ability to regenerate claws lost naturally or removed 
by the fishery.  A mature female whose claw is removed may no longer devote energy to the creation of 
gametes. Rather, energy will be allocated to foraging, and regeneration of the claw (Wilber 1995). It is 
important to consider the potentially great impact the fishery has on reproductive output of the population. 
For example, the end of fishing season overlaps with the beginning of spawning in late spring forcing 
many large reproductively important females into recovery instead of reproduction in the early part of the 
spawning season.   
Detecting changes to life history or reduction to reproductive output is a complex task that 
requires biologically accurate estimates of life history parameters, as well as fishery-dependent and 
fishery-independent data. It is particularly difficult to assess management measures and how life history 
effects fishery yield because of the lack of data that can be obtained from fishery landings composed of 
only claws. The resultant lack of information on sex, size, or number of animals impacted by the fishery 
severely limits our ability to assess the resiliency of the stone crab population. Early stock assessment 
models for many species sought to regulate fishing mortality at a level that would maximize the yield of 
the species (Brooks 2010). It was not until implementation of the Magnusson Stevens Act that fishery 
managers moved to require precautionary approaches that led to the use of maximum sustainable yield 
(MSY) as a threshold, rather than target (Brooks, 2010). Biological and fishery reference points are an 
important component of successful management and regulation of fishing mortality, so as not to reduce 
the biomass of a stock to non-sustainable levels.  
Per-recruit models can be used to evaluate how changes in fishing mortality and management 
regulations influence the spawning potential of a cohort (Smith and Addison 2003; Bunnell and Miller 
2005). An improvement on yield per recruit models is a spawning potential ratio (SPR) model developed 
by Goodyear (1993).  The SPR was developed to measure the impact of fishing on the potential 
productivity of a stock (Goodyear, 1993).  A per-recruit model can produce reference points that represent 
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the fishing mortality that reduces the SPR to a percentage of the SPR of a virgin stock (Bunnell and 
Miller 2005). Given that current stone crab assessments use only effort and landings data, a per- recruit 
model may be an improvement on current assessments, as the SPR model includes biologically important 
parameters determined from field studies, as well as concurrent studies conducted by the FWRI 
Crustacean Research Program.  
The goal of this dissertation was to conduct a fishery-wide assessment of maturity and fecundity 
in Florida stone crabs using a variety of techniques. The estimates of size at maturity and fecundity were 
then used to perform per-recruit model simulations to further understand how changes in life history 
parameters and harvest rates may influence the spawning potential ratio between theoretical unfished and 
fished populations. In Chapter 2, I present the results of the size at sexual maturity based on 
physiological, behavioral, morphological, and functional maturity of female stone crabs. In Chapter 3, I 
present the results of the size at sexual maturity based on physiological, morphological, and functional 
maturity in male stone crabs. In Chapter 4, I determined the potential fecundity of stone crabs collected 
throughout the fished range of the Florida population across two years. A predictive generalized linear 
model was created to model the fecundity of females as influenced by size, location, and time of year. In 
Chapter 5, I incorporated the life history components that were determined in Chapters 2 through 4, into a 
per-recruit model. This model examines the impact of fishing mortality, size at sexual maturation, 
fecundity, and management regulations on the reproductive potential of stone crabs. Chapter 6 is a 
summary of the major conclusions and provides suggestions for further research and areas of study.   
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CHAPTER TWO 
 
A Florida Fishery–wide Assessment of Maturity in the Stone Crab, Menippe mercenaria:  
Female Development 
 
 
 
Introduction 
A fishery for the stone crab, Menippe mercenaria, has existed in Florida since 1902 and the stock 
has been fully exploited since 1996 (Muller et al. 2011). The stone crab fishery was Florida’s third most 
valuable fishery in 2015, generating almost US$31.5 million. During the 2013–2014 fishing season, 901 
tonnes of claws were landed, the lowest catch since the fishery reached full exploitation, while revenue 
remained high, at US$27.8 million (Figure 2.1). Despite an increase in landings in 2014-2016, the fishing 
mortality ratio (F/Fmsy) has been above 1.0 since 1997, with an overall negative trend in landings since 
2000. In 2001–2010, carapace width and catch per unit effort (CPUE) also declined to historic low levels 
(Muller et al. 2011). Low landings and decreased CPUE, but high revenue in stone crab landings over the 
past 16 years, illustrate how high market value can sustain a high level of fishing pressure despite low 
CPUE. The negative trends in CPUE, F-ratio above 1.0, and crab size since 2000, are a concern for 
Florida Fish and Wildlife Conservation Commission (FWC) managers of the stone crab fishery, and have 
prompted researchers and managers to improve understanding of the crab’s population dynamics and 
biological adaptability. A critical deficiency of the Florida stone crab stock assessment is the lack of 
knowledge of life history dynamics and classification of size and sex in fishery landings. Current 
assessments define stock status using surplus production, and DeLury depletion models, which require 
only effort and fishing efficiency. Transition to more sophisticated stock assessments, which would allow 
more effective fisheries management, requires detailed information on population biology, specifically 
size at maturity.  
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Several studies have attempted to determine size at maturity in female stone crabs. The studies 
used different methods, locations, and sample sizes and reached slightly different conclusions. Noe (1967) 
was the first to sample female stone crabs by characterizing maturity based on ovary color (n = 157) and 
describing oocyte maturity (n = 6) over one reproductive season in Biscayne Bay, Florida. The author, 
however, did not infer the size at onset of maturity, most likely because crabs below 70 mm in carapace 
width could not be acquired due to seasonal ontogenetic habitat changes and lost traps. Savage and 
Sullivan (1978) sampled crabs (n = 72) from the Tampa Bay region and determined that changes in 
allometric relationships (ratio of claw length to carapace width) differed when females reached 35 mm 
carapace width, coinciding with sexual maturity. Bert (1985) reported 100% maturity at a carapace width 
of 80 – 90 mm, based on the proportions of ovigerous females (n = 634) observed in field collections in 
south Florida. Restrepo (1989b) used the south Florida estimates of Bert (1985) and estimates from Cuba 
from Ros et al. (1981) to fit a logistic curve to the percentage of mature individuals as a function of size, 
(following the method of Somerton [1980]), and determined that 50% of females were mature at 62.5 
mm. Gerhart and Bert (2008), working in Tampa Bay, determined that 50% of female stone crabs reached 
maturity at a carapace width of 60 – 70 mm by examining four indicators of maturity: proportion of 
females with orange ovaries (n = 3,177) as an indication of physiological maturity; changes in the ratio of 
claw length to carapace width (n = 11,134); evidence of mating pairs (n = 17); and the proportion of 
ovigerous to nonovigerous females (n = 5,087). Discrepancies between size and classification of absolute 
maturity, 50% and 100% maturity of the population, between these studies may be attributable to 
differences in methods used to estimate size at maturity, study areas, sampling techniques, and sample 
size. Thus, the development of accurate estimates of size at sexual maturity in female stone crabs must 
use all indicators of maturity and include studies conducted throughout the range of the fished stock.  
Sexual maturation in female crustaceans has several distinct steps, which can be categorized into 
physiological, morphological, behavioral, and functional maturity (Watters and Hobday 1998; Fernández-
Vergaz et al. 2000), but the order of occurrence differs between species. Ovary color is commonly used to 
indicate physiological maturity in the stone crab. Studies by Islam et al. (2010) on the female mud crab, 
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Scylla paramamosain, proved that histological techniques were far superior to the ovary color schema in 
assessing physiological maturity. While Quinitio et al. (2007) concluded that macroscopic analysis of the 
color and size of the ovaries were closely related to cellular development, they noted that at any 
developmental stage, ovary color is variable as a result of dietary differences. They therefore concluded 
that cellular development was the most accurate baseline for assessing reproductive biology. Ovary color 
may also be misleading when considering senescent and rudimentary ovaries, which can have a very 
similar color and texture. These two stages have the same macroscopic description, yet are significantly 
different histologically (Castiglioni et al. 2007). Misidentification of senescent and rudimentary ovaries 
may result in underestimation of the number of actively reproducing smaller individuals, especially if 
sampling gear selects for larger individuals, as is the case for stone crab collection using traps. There is no 
noticeable change in the abdomen shape between immature and mature female stone crabs, which 
indicates a pubertal change in some crustaceans. This confounds external differentiation of mature 
individuals, which forced earlier studies to infer maturity based on allometric changes in growth between 
claw and carapace lengths when dissection was not feasible.  
Crabs in the same genus differ morphologically and physiologically, resulting in differences in 
key identifiers and steps in the process and timing of sexual maturation. Synchronous maturity has been 
documented in some species, such as Perisesarma guttatum (Flores et al. 2002), Maja brachydactyla 
(Corgos and Freire 2006), and Libinia spinosea (Moyano et al. 2011), but data suggest that asynchronous 
maturity is more common and occurs in the stone crab. Physiological maturity may be reached before 
copulation in Chaceon affinis (Fernández-Vergaz et al. 2000) and Hyas coarctatus (Hartnoll 1963), but in 
Geryon quinquedens, L. emarginata, Inachus dorsettensis, and other crabs of the infraorders Brachyura 
and Anomura, physiological maturity occurs after copulation (Hinsch 1972; Hartnoll 1974; Haefner 1977; 
Jones and Hartnoll 1997; Paul 1992). It has therefore been suggested that ovarian development should not 
be the sole indicator of sexual maturity in female crabs (Haefner 1977; Watters and Hobday 1998; 
Fernández-Vergaz et al. 2000). Fernández-Vergaz et al. (2000) and Watters and Hobday (1998) 
concluded that crustaceans mature in stages (physiological, followed by morphological and finally 
 9 
 
behavioral maturity) and that behavioral maturity should be the ultimate sign of sexual maturity (Hartnoll 
1974; Haefner 1977; Paul 1992). For successful mating to occur, female crabs must attain morphological 
maturity, which may happen over a series of molts or in a single transformation (Jones and Hartnoll 
1997). Consequently, many studies have relied solely on morphometric analysis to determine maturity in 
crustaceans (Fransozo et al. 1988; Góes and Fransozo 1997; Flores et al. 2002; Corgos and Freire 2006; 
Bertini et al. 2007; Moyano et al. 2011; Williner et al. 2014; Crespi-Abril et al. 2015).  
Earlier studies assessed the stone crab over a limited geographic area and so may not have 
accurately reflected the diversity of habitats or individual variation in development and may not have 
represented a large enough portion of the fishable population of the species (Noe 1967; Savage and 
Sullivan 1978; Bert 1985; Restrepo 1989b; Gerhart and Bert 2008). The present study sought to advance 
our understanding of sexual maturation in female stone crabs and to accurately determine size at the onset 
of sexual maturity for 50% and 100% of the population. Piecewise regression was used to determine 
transitions in allometry indicating morphological maturation, and decision-tree analysis was implemented 
to examine carapace width of physiological, behavioral, and functional maturity. This is the first study to 
estimate size at maturity using histological methods, over a large geographic range, comprising the entire 
Florida fishery. Crabs were collected monthly and over a wide range of size classes for one year. This is 
part of ongoing work by the FWC’s Fish and Wildlife Research Institute’s Crustacean Research Project 
(FWRI-CRP) to more accurately define life history parameters for the stone crab in Florida and 
incorporate these parameters into a more sophisticated assessment of the stone crab fishery.  
 
Methods 
Field Sampling and Historical Data 
The FWC’s Stone Crab Fisheries-Independent Monitoring Program (SCFIM) has been collecting 
stone crab fishery data since 1989 in Tampa Bay and since February 2006, along the Florida coast at 
Steinhatchee, Cedar Key, Homosassa, Pavilion Key, Oxfoot Bank, Sawyer Key, and Harbor Key. This 
program was implemented to gather biological data from the crabs that cannot be collected through 
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fishery-dependent sampling of landed claws. Twenty standard commercial crab traps baited with mullet 
(Mugil cephalus) are deployed at these eight fixed locations and are serviced bimonthly (mean, 16.5-day 
intervals); stone crab catch composition, carapace width, claw length, and presence of fertilized sponge 
are recorded.  
 
Ovary sampling and preservation. — For my study, female stone crabs were collected bimonthly from 
January 2013 through January 2014 from four SCFIM locations for ovary sampling. These sites were 
chosen to encompass the latitudinal range of the Florida stone crab fishery and were located in Sawyer 
Key, Pavilion Key, Tampa Bay, and Cedar Key (Figure 2.2). From each location, based on availability, a 
maximum of four female crabs were collected from 10 carapace-width size classes (in mm: 25–29 (25), 
30–39 (30), 40–49 (40), 50–59 (50), 60–69 (60), 70–79 (70), 80–89 (80), 90–99 (90), 100–109 (100), 
110+). Crabs were transported to the laboratory alive and dissected at once or, occasionally, due to time 
constraints, held in seawater overnight and dissected the following day.  
Immediately prior to dissection, measurements were taken of carapace width, carapace length, 
claw length, claw regeneration status (original or regenerated), total body weight, and body weight 
without claws, and crabs were assessed for molt stage and external fouling. Once morphological 
measurements had been collected, the crabs were anesthetized on ice, euthanized, and dissected. If ovaries 
were visible, they were sampled from the anterior, middle, and posterior portions (n = 32). After 
determining that cellular morphology was consistent between ovary sections, only one sample was taken, 
from the posterior portion of the ovary in all remaining crabs. Alternatively, if ovaries were not visible, 
the hepatopancreas was sampled from under the dorsal aspect of the carapace. The spermathecae were 
also sampled for histological processing in order to assess whether the female had mated. When ovaries 
and/or spermathecae were present, their color and weight were recorded. Ovaries were classified as 
transparent, pink, or orange. Spermathecae were classified as transparent or white.  
Each tissue sample was processed for microscopic examination using the FWC–FWRI histology 
department’s standard operating procedure. Tissue samples were placed in a fixative solution of 5% 
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paraformaldehyde (PFMA) 0.1M phosphate buffer (Humason 1962) for 24 hours. Following fixation, the 
tissues were placed in tap water for an hour, drained, and placed in 70% ethanol in scintillation vials. 
Samples were stored in 70% ethanol until processing resumed. Before they were embedded, tissues were 
dehydrated through an infiltration process that used increasing concentrations of ethanol (95%, 100%). 
After dehydration, infiltration continued into fresh 100% glycol methacrylate, JB-4® resin (distributed by 
Electron Microscopy Sciences, Hatfield, PA). Tissues were then embedded in JB-4®. Embedded tissue 
was sectioned at a thickness of 4 μm on a Leica® RM 2165 microtome using a 9-mm glass knife. The 
sections were mounted on Fisher® slides that had been acid-cleaned with 0.1% HCl. Each slide was 
stained with hematoxylin and eosin (H&E). Stained sections were then examined at 20–100× 
magnification (Olympus BH-2) to characterize oocyte development. Ovarian staging was described and 
documented using modern processing techniques and microscopic observation. Each individual was 
assigned an ovarian stage using the following characteristics for determination of physiological maturity. 
 
Physiological Maturity and Ovarian Staging  
 The following staging was developed and used to classify the gross morphology and histology of 
the ovaries. 
 
 Oogonia (Figure 2.3A): Microscopically, in this stage the ovaries are in mitotic proliferation. 
Clusters of oogonia are found in the germinal zone at the center of each ovarian lobe. Oogonial nuclei are 
in different stages of mitosis, characterized by scattered euchromatin and heterochromatin, giving a dense 
appearance. Follicle cells are found at the periphery and through the center of the lobe. Macroscopically, 
the ovarian tissue is transparent and threadlike, difficult to differentiate from surrounding cuticle and 
hepatopancreas tissues. 
Early Primary Growth (EPG) (Figure 2.3B): Microscopically, this stage is characterized by 
oocytes with basophilic ooplasm that have not yet formed yolk. Within the nucleus, chromatin is 
organized at the periphery of the nuclear envelope (1). The EPG cells are found near the periphery of the 
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lobe, while oogonia continue to proliferate in the germinal zone. Macroscopically, the ovary tissue is 
developing but remains translucent to pale. 
Late Primary Growth (LPG) (Figure 2.3C): Microscopically, in this stage the germinal center 
continues to proliferate oogonia, and advanced-stage oocytes move to the periphery of the lobe. Late-
primary-growth oocytes are characterized by basophilic ooplasm, a large nucleus, and nucleoli (2). A 
perinuclear yolk complex may be visible as yolk forms and begins to disperse throughout the oocyte (3). 
Early yolk globules may appear as vacuolated globules, a result of dehydration of lipids by ethanol during 
histological embedding. Follicle cells begin to surround the oocytes. Macroscopically, the ovary tissue 
increases in volume and is light cream to pink. 
Early Secondary Growth (ESG) (Figure 2.3D): Microscopically, the diameter of the oocyte 
continues to increase, and yolk globules form, primarily at the periphery of the oocyte (4). Growth of the 
outer oocytes partly or fully obscures the germinal zone, but late-primary-growth oocytes are usually 
present. The cytoplasm transitions from basophilic to acidophilic due to the growing presence of yolk. 
Follicle cells (accessory cells) surround the largest oocytes and are round and easily distinguished (5). 
The nucleus is still visible in most oocytes but is proportionally smaller than the oocyte than at earlier 
stages. Macroscopically, the ovary tissue continues to grow, encompassing more of the body cavity, and 
is light orange.  
Late Secondary Growth (LSG) (Figure 2.3E): Microscopically, late-secondary-growth oocytes 
reach maximum diameter and are bright pink. Large yolk globules are present throughout the oocyte and 
begin to coalesce near its periphery (6). The germinal zone is well defined and contains oogonia and 
early-primary-growth oocytes. Follicle cells are tightly compressed around each oocyte and difficult to 
detect (7). The nucleus of the oocyte is rarely seen unless the sample was sectioned through the nucleus. 
Macroscopically, the ovary tissue has reached maximum volume, encompassing a large portion of the 
body cavity. The tissue is bright orange, and individual eggs can be seen without magnification.  
Spent (Figure 2.3F): Microscopically, the spent ovary is characterized predominately by late-
primary-growth cells, with various other stages seen in loosely arranged connective tissue. Characteristic 
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empty membranes — postovulatory follicles (POF) — are present in the connective tissue of the ovary. 
Macroscopically, it is more difficult to determine when an ovary is at this stage because it resembles the 
earliest stages and are cream to light yellow. Mature ova may remain from the previous spawn in the 
tissue connecting the spermathecae to the oviduct.  
Atresia (Figure 2.3G): Microscopically, atresia is characterized by the breakdown of oocyte 
integrity. Individual oocytes fuse to become a continuous mass of ooplasm before they are resorbed. This 
stage cannot be differentiated macroscopically. Atresia can occur at any developmental stage. 
 
Behavioral Maturity 
Females were considered behaviorally mature when spermatophores were present in the 
spermathecae, indicating that they had mated. 
 
Morphological Maturity 
Following the procedure of Gerhart and Bert (2008), we used piecewise regression to determine 
at what carapace width the trend line of the relative growth between carapace width and the length of the 
original crusher claw changes. Historical data were used to assess morphological maturity, using only 
crabs with non-regenerated crusher claws to avoid misrepresentation of morphological relationships. The 
length of the original crusher claw was regressed against carapace width for each individual. Piecewise 
regression was then used to determine the transition point at which the slope and intercept changed, 
indicating an allometric change in growth. Estimation of the nonlinear model was an iterative process, 
and used least squares estimates to evaluate the input parameters and model fit (SAS Institute Inc. 1999). 
The value of the intercept (b) defines the type of allometry (b = 1, isometric; b < 1, negative; b > 1, 
positive) (Bertini et al. 2007). The relative support for use of a piecewise model over linear regression, 
was assessed using Akaike’s information criterion (Akaike 1973). Individuals were classified as mature if 
carapace width was greater than the size at which allometry changes, and as immature if carapace width 
was less. 
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Functional Maturity 
Sexual maturity was characterized by the presence or absence of a fertilized sponge and 
postovulatory follicles in histological sections.  
  
Statistical Analysis 
Descriptive statistics, frequencies, piecewise regression, and chi-square analyses were generated 
using SAS Enterprise Guide 5.1 (2012 SAS Institute Inc.). Piecewise regression analyses were performed 
following Gerhart and Bert (2008), and implemented in SAS Enterprise Guide 5.1 (2012 SAS Institute 
Inc.) using the NLIN procedure. Independence, normality, and homogeneity of the residuals were 
satisfied for piecewise regression analysis. Decision trees were developed using rpart in R v3.2 (Therneau 
and Atkinson 1997) to determine at what carapace width female crabs achieved sexual maturity and what 
carapace width was associated with 50% and 100% maturity in the population. We tested several 
predictor variables: 1) ovary color, 2) oocyte maturity, 3) mating success, and 4) presence of 
postovulatory follicles; and two sets of combined variables: 5) maturity reached as defined by ovary 
color, or cell maturity, or presence of post ovulatory follicles, and 6) maturity reached as defined by the 
first combined variable and mating success. The carapace width at which the decision tree split between 
mature and immature females was determined for each predictor variable or combination of variables. 
Cross-validated error (expected error of new sampling data using the same sampling regime), percent 
misclassification, and carapace width at the split between mature and immature individuals, were 
compared across models to determine which variable most accurately categorized sexual maturity. The 
percent of mature individuals based on binning carapace widths (at least 20 individuals per bin) was 
calculated to determine carapace width at 50% and 100% maturity.  
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Results 
Description of Catch 
 In historical fishery-independent monitoring data, carapace width distributions are highly variable 
between years. Carapace width distribution between 2013 and 2014 was relatively consistent, but there 
was a shift to smaller carapace widths when compared with earlier years (KS = 1.77, P = 0.004; Figure 
2.4). Physiological and behavioral maturity was estimated for 1,455 female stone crabs. Of those, 1,114 
were also examined histologically. Catch varied among the 10 size classes, with the highest frequency of 
crabs in the 70 mm size class (Figure 2.5). Carapace width ranged from 25.5 to 114 mm (median = 73.4 
mm).  
 
Physiological Maturity 
 Macroscopic inspection revealed that 5.6% (n = 59) of ovaries had not developed and were 
considered absent, 40.3% (n = 467) were transparent, 9.2% (n = 102) were pink, and 43.6% (n = 486) 
were orange. The smallest crab with orange ovaries had a carapace width of 38.3 mm. The frequency of 
individuals with orange ovaries increased with increasing size class (Figure 2.6A). Size-class frequencies 
of crabs based on ovary color from historical Tampa Bay data (1988 – 2003) were compared to crabs 
from the present study. Chi-square analysis determined that the percentage of orange ovaries in size 
classes 25, 30, 40, 50, were statistically similar between the two periods (chi-square statistic: 1.19, 0.03, 
0.15, 2.83 respectively, p < 0.05) and that size classes 60, 70, 80, 90, 100, and 110+ were statistically 
different (chi-square statistic: 2.83, 11.0 13.8, 15.9, 8.88, 4.06 respectively, p < 0.05).  
 To obtain a more detailed analysis of physiological maturity, 1,114 crabs were processed 
histologically. Microscopic inspection of hepatopancreas tissue revealed ovarian cells in 42% of 
individuals; cells were in the following stages: EPG, 5.1%; LPG, 32.2%; LSG, 3.4%; and atresia, 1.7%. 
In individuals whose ovaries were visible and transparent, the majority were in stage LPG (70.6%), 
followed by ESG (19.5%), LSG (3.4%), EPG (0.64%), oogonia (0.21%), or absent (1.28%). Individuals 
with pink ovaries were primarily in ESG (52.9%), LPG (23.5%), LSG (22.6%), or atresia (0.98%). 
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Individuals with orange ovaries were overwhelmingly in LSG (86%). The remainder were in ESG (12%), 
LPG (2%), or atresia (0.41%). 
 Oocyte stages were split into two classifications, primary and secondary growth (Figure 2.6B). 
Physiological maturity of crabs in the sampled population increased with increasing size class, as 
expected. The first notable increase in percent of individuals with ovaries in secondary growth (44%) 
occurred at size class 40. For 61% of the individuals in size class 60, ovaries were in secondary growth. 
The largest percentage of mature ovaries occurred in size class 90 (78%).  
 
Behavioral Maturity 
 A female stone crab was deemed behaviorally mature when spermatophores were present in the 
spermathecae. White spermathecae were analyzed using light microscopy, and 98.7% of the samples 
contained spermatophores (n = 977). In spermathecae that were macroscopically transparent, 67.3% of 
samples contained spermatophores (n = 52). The strong positive correlation between white spermathecae 
and presence of spermatophores indicated that females with white spermathecae can be reliably 
categorized as having mated. A small proportion of females that had transparent spermathecae but 
contained microscopically identified spermatophores, were also categorized as having mated. The 
smallest female that had mated was in the 30 – 39 mm size class. There was a large increase in the 
percentage of mated females in the 40- to 49-mm size class (72%) (Figure 2.7). In size classes greater 
than 50 mm, more than 95% of females had mated and therefore were deemed behaviorally mature.  
 
Morphological Maturity 
Piecewise regression analyses of carapace width versus original crusher claw length predicted a 
transition point in allometric growth at 66.3 mm carapace width (Figure 2.8). Carapace width explained 
92% of the variation in claw length above (y = 0.93x − 10.03) and below (y = 0.82x − 2.78) the 66.3 mm 
break point (R2 = 0.915, p < 0.001, n = 56,797). AIC values revealed substantial support for the piecewise 
model over linear regression (ΔAIC = 1,051). Based on the relative change in carapace width and crusher 
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claw length at 66.3 mm carapace width, individuals were considered morphologically mature above that 
width and morphologically immature below it.  
 
Functional Maturity 
The number of ovigerous females collected in this study (n = 366) was limited because of the 
time required to process samples and so may not reflect the proportion of ovigerous females in the entire 
female catch. Therefore, proportions of ovigerous females were analyzed from SCFIM total catch data 
from 2013–2014. The percentage of ovigerous females was relatively low in all size classes because non-
ovigerous females dominated the catch. Ovigerous crabs never accounted for more than 15.5% of the 
female catch in any size class. The smallest ovigerous female was 38.4 mm in carapace width, 
representing 0.75% of the crabs in that size class. Percent frequency of ovigerous females increased up to 
the 70-mm size class and then declined (Figure 2.9A).  
 Histological examination of ovaries (n = 264) revealed that in 96.6% of ovigerous females 
postovulatory follicles were present in the ovary tissue. Thus, the presence of postovulatory follicles can 
be used to identify females that have spawned even though no fertilized sponge is present. Of the females 
in which a fertilized sponge was present and that were processed histologically, 79.9% of the ovary 
samples contained postovulatory follicles (Figure 2.9B). Percentage of females with postovulatory 
follicles increased strongly from size class 30 to size class 40 and stayed relatively constant at larger 
sizes. Postovulatory follicles were present across all ovary colors, including transparent ovaries. In the 
467 transparent ovaries that were processed histologically, postovulatory follicles were present in 85.9%, 
indicating that the ovaries had been taken not from immature females but from post-spawn females. 
 
Decision-Tree Analyses 
The carapace width at which the decision tree split between mature and immature females was 
consistent across all variables except oocyte maturity and ovary color (Table 2.1). The cross-validation 
error rates and the percentage of accurately classified mature and immature females were not consistent 
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across variables. The predictive variable with the smallest cross-validation error rate (5.8%) and most 
accurate classification of mature (94%) and immature (92%) individuals was mating. The carapace width 
at which 50% of the individuals were mature was 41 – 44 mm, and 100% were mature by 51 mm. The 
predictive variable histology/behavior included those females that were functionally mature (i.e., had post 
ovulatory follicles) or possessed ovaries that were either mature based on color or oocyte stage and were 
behaviorally mature. The cross-validated error for histology/behavior was also low (2.3%) and classified 
mature females correctly 98% of the time and immature females correctly 85% of the time. Similar to 
mating, carapace width at which 50% of the individuals were mature for histology/behavior was 41 – 43 
mm, and 100% were mature was 47 mm. Despite the variability between decision trees, most (5/6) 
estimated 50% maturity in female stone crabs by 44 mm. Clearly, detecting maturity of female stone 
crabs is better when oocyte stage, presence of postovulatory follicles, and mating are used as an index of 
maturity, rather than just the ovary color.  
 
Discussion 
Ten years (2006 – 2015) of stone crab carapace width distributions from SCFIM monitoring 
stations indicate year to year variability and a shift towards smaller crabs (Fig. 5). The heavy exploitation 
of stone crab by the fishery is likely responsible for this decrease in carapace width, because it selectively 
harvests larger individuals. The longest data set available for comparison of reproductive indices is from 
early studies (1988 – 2003) in Tampa Bay by FWRI’s Gerhart and Bert (2008), who used color-based 
maturity indices to determine that 50% of female stone crabs in the 60- to 70-mm size range were 
physiologically mature. A comparison of size-class frequencies between ovary color in the present study 
in Tampa Bay and that in the Gerhart and Bert (2008) data found that frequencies of females in size 
classes 25, 30, 40, and 50 were not statistically different and there were statistically fewer individuals in 
size classes 60, 70, 80, 90, 100, and 110+, in the present study. were statistically different. Using this 
parameter as an estimate of maturity indicates that there are proportionally fewer physiologically mature 
large females (60 – 110+) in Tampa Bay than historically. This is the only parameter that can be 
 19 
 
compared between the two studies. Despite changes to the number of mature females based on ovary 
color between the two studies, we found that histological analysis was a more effective technique for 
determining size at sexual maturity in female stone crabs.  
Physiological maturity in crustaceans has been most commonly evaluated by macroscopic 
inspection of ovary color (Quinitio et al. 2007; Gerhart and Bert 2008; Kalinina et al. 2008; Islam et al. 
2010; Moyano et al. 2011;). The sole use of ovary color to determine sexual maturity is misleading 
(Quinitio et al. 2007), a fact confirmed for stone crabs by our study (comparison of macroscopic color to 
assessments using microscopy). Accumulation of yolk in maturing oocytes is reflected in a change in the 
ovary’s macroscopic color (Noe 1967; Quinitio et al. 2007; Rotllant et al. 2007; Islam et al. 2010), but 
many stages can have similar coloring, making it an ineffective indicator of physiological state. For 
example, once a crab has spawned, the ovaries regress to a light orange or transparent color (Noe 1967; 
Quinitio et al. 2007; Rotllant et al. 2007; Islam et al. 2010) and are difficult to distinguish 
macroscopically from rudimentary ovaries. Histological analysis of stone crabs confirmed that orange 
ovaries (gravid female) were most consistently in secondary growth and capable of spawning. Stone crab 
ovaries macroscopically defined as transparent or cream/pink have been considered (Gerhart and Bert 
2008) to be rudimentary and so contain primary-growth oocytes. Our findings are similar to those of 
Castiglioni et al. (2007), who showed using histology that transparent and pink ovaries were at various 
stages of development. In the present study, transparent ovaries (seen in 21.4% of females) had oocytes in 
secondary growth and cream/pink ovaries (76.5% of females) had oocytes in secondary growth. These 
findings confirm that color does not accurately reflect the stage of physiological maturity of a female 
stone crab. In decision-tree analysis, when color was used as the sole indicator of sexual maturity, the 
estimated size at 50% maturity was 64 – 66 mm (55% correctly identified as mature), despite the 
advancing maturity of oocytes or evidence of the female’s having recently spawned. Ovary color, then, 
should no longer be the sole indicator of maturity in female stone crabs because it repeatedly misidentifies 
rudimentary and senescent ovaries, increasing error in estimates for actively reproducing, smaller 
individuals.  
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Behavioral maturity is an important indicator of a female stone crab’s sexual maturity (Watters 
and Hobday 1998; Fernández-Vergaz et al. 2000), and some argue that it is the most critical indicator 
(Paul 1992). The present study used the presence of spermatophores in the spermathecae as evidence of 
copulation. This method greatly increased the detection of mated individuals and lowered the estimate of 
the carapace width at 50% maturity to 44 mm. Gerhart and Bert (2008) determined from 17 mating pairs 
that the mean size at behavioral maturity was 61.0 ± 13.3 mm. The large difference in carapace width 
estimates for behavioral maturity in females between that study and the present study may be attributed to 
collection and assessment methods and the difficulty of trapping mating pairs, as suggested by the small 
number of mating pairs sampled in the previous Tampa Bay study. The present study greatly improved 
the detection of behavioral maturity, because each female could be examined and it could be determined 
conclusively whether it had copulated. Crabs were processed both macroscopically and histologically, and 
96.6% of white spermathecae contained spermatophores. In this instance, color provided a conservative 
proxy for the microscopic content of the spermathecae, as some transparent tissue also contained 
spermatophores. During this study the frequency of mated females in each size class never reached 100%, 
even in size classes where 100% of individuals were considered mature. This is likely due to the 
seasonality of spawning and mating. If a crab was sampled at the end of the spawning season, the 
available sperm may have been exhausted, and therefore, would no longer be macroscopically identified 
as mated.  
Morphological maturity is based on the ontogenetic change in allometric relationships of body 
parts (Watters and Hobday 1998). In female stone crabs, Gerhart and Bert (2008) demonstrated a notable 
change in allometry between carapace width and the original crusher claw length at a carapace width of 
59.6 mm. In contrast, our piecewise regression analysis of the statewide historical SCFIM data revealed 
that a change in allometry, and therefore, size at morphological maturity occurred at a carapace width of 
66.3 mm. This carapace width agrees with what we determined as the size at 50% physiological maturity 
(64 – 66 mm), but differs considerably from the estimated size at behavioral (41 – 44 mm) and functional 
(38 – 41 mm) maturity, indicating that allometry may not be an accurate way of estimating sexual 
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maturity in female stone crabs. If morphological maturity in females were a requirement for mating, as 
postulated by Jones and Hartnoll (1997), many individuals would not successfully copulate at sizes less 
than that estimated by the allometric relationship that we investigated. Williner et al. (2014) showed that 
the allometric relationship of carapace length to chela length provided an indicator of sexual maturity, but 
other authors have found positive allometric relationships between carapace width and chela height and 
between carapace width and abdomen width in female in multiple decapod species (Leme 2005; Bertini et 
al. 2007; Williner et al. 2014). Chela height and abdomen width were not measured in the present study or 
in the earlier FWRI work, making it difficult to infer whether the other allometric relationships would be 
better indicators of maturity in stone crabs. Further work is needed to determine whether these 
relationships might provide more accurate morphological indices for maturity in female stone crabs.  
Functional maturity is determined in many crustaceans from the presence of a fertilized sponge 
on the abdomen of the female (Watters and Hobday 1998; Fernández-Vergaz et al. 2000; Gerhart and 
Bert 2008). Using this as an identifier of maturity is appropriate if sampling techniques do not preclude 
capture of ovigerous females. The standard sampling interval used in the SCFIM program is bimonthly 
using standard commercial traps. The reported time that a fertilized brood is held by a female stone crab 
is 11 – 14 days (Binford 1912; Porter 1960). Thus, the SCFIM sampling frequency falls outside the time 
it takes for a female to produce a fertilized sponge and release the developed larvae, resulting in a 
potential underrepresentation of spawning females.  
The large sample size and wide range of carapace widths in the present study allowed for the 
exploration of post ovulatory follicles in histological analysis of ovary tissue in ovigerous and 
nonovigerous females, as an indication of functional maturity. Presence of post ovulatory follicles was 
found to indicate that the female had extruded mature oocytes as a fertilized egg mass. Post ovulatory 
follicles in crustaceans have been identified in morphological studies of ovary tissue in Nephrops 
norvegicus (Rotllant et al. 2007) and specifically in stone crabs (Noe 1967), but have not been used to 
assess size at maturity. This method not only increased the ability to detect ovigerous females, but also 
allowed for the appropriate classification of mature animals that would have otherwise been categorized 
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as immature based on their ovary color. Based solely on the presence of postovulatory follicles in ovary 
tissue, the estimated size at 50% maturity fell to 41 mm. This estimate is similar to the size at 50% 
maturity based on mating (41 - 44 mm), yet more than 20 mm in carapace width less than that for 
physiological (44 – 58 mm) and morphological maturity estimates (66.3 mm).  
Comparisons were made between physiological, behavioral, and functional maturity indices using 
decision-tree analyses. Decision-tree analyses are not widely used in reproductive studies, but have 
recently proved successful for cephalopods (Crespi-Abril et al. 2015). The decision-tree estimate of 
female size at maturity evaluated physiological, behavioral, and functional estimates of maturity and 
allowed for the quantification of classification error. This method is robust and is not influenced 
substantially by outliers (Steinberg and Colla 1995), which is useful when analyzing species that are 
intrinsically plastic, such as cephalopods (Crespi-Abril et al. 2015) and crustaceans (Beninger et al. 1993; 
Andrade et al. 2015). Error determined through decision-tree analysis can also be used by fishery 
managers in assessment models or to determine whether observed proportions of mature individuals have 
changed over time (Crespi-Abril et al. 2015).  
Discrepancies in the carapace width at which decision trees split mature and immature 
individuals, classification error, and cross-validated error allowed for the scrutiny of the predictor 
variables and their potential value. Histology, histology/behavior, mated, and postovulatory follicles, all 
agreed on the carapace width at which mature and immature females split and correctly classified more 
than 89% of mature individuals. Classification of immature individuals was more variable but largest 
when using the mating predictor variable, which coincided with a very low cross-validated error. If the 
most important indicator of sexual maturity is mating, as suggested by Paul (1992), the ease of detection 
and accuracy of determining the size of mature and immature female stone crabs would be greatly 
increased by our methods. The argument for a more definitive estimate of maturity (evidence of 
producing a fertilized sponge) is satisfied by the predictor variable histology/behavior but with slightly 
smaller correct classification of immature females. But it had a lower cross-validated error (2.3%) and 
correctly classified 98% of mature females. Secondary-growth oocytes and ovary color were able to 
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identify a smaller percentage of both mature and immature individuals, with performance as low as 55%. 
Additionally, the cross-validated error was greater than 30%, considerably higher than for other 
predictors. Piecewise regression simply determines a transition point at which allometric changes occur in 
morphology measurements, but it does not allow for computation of the associated error. Therefore, the 
morphological estimates of maturity could not be compared with those from other predictor variables 
used in the decision tree. The large differences between morphological estimates and others assessed in 
this study, however, continue to point to the necessity of reassessing morphological measurements used to 
determine sexual maturity in stone crabs because morphological measurements do not accurately predict 
size of sexual maturity.  
 This study successfully identified the size at sexual maturity based on multiple predictors of 
sexual maturity in stone crabs. Unfortunately, these estimates could not be compared with earlier 
estimates because of methodology differences, and so we cannot confidently assess whether a 
compensatory response in stone crab maturity has occurred. It is possible that size at sexual maturity has 
not been altered and smaller individuals have contributed to the reproductive stock undetected for many 
years. It is commonly thought that larger individuals contribute proportionally more offspring to a 
population (Gerhart and Bert 2008), but based on recent studies of reproductive performance in decapods, 
this may not be true. Darnell et al. (2009) determined that smaller females produced smaller but more 
frequent clutches than did large females and that over time their contribution was equivalent to that of 
larger females. Maturing at smaller sizes and reproducing continuously is an example of the varying 
reproductive strategies of crustaceans (Pinheiro et al. 1998; Pinheiro and Fransozo 2002). Reproductive 
plasticity in crustaceans has been documented in studies of mating strategies, threats of nonnative species, 
and compensation for extrinsic factors such as temperature, food availability, and intense fishing pressure 
(Beninger et al. 1993; Pollock 1995; Fenberg and Roy 2008; Andrade et al. 2015). Stone crabs are not 
likely to be any different in their ability to adjust reproductive strategy to persistent and intense fishing 
pressures (Muller et al. 2011) and high mortality associated with declawing practices stones crabs (Gandy 
et al. 2016). My study shows that smaller individuals are contributing at a higher proportion than 
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previously estimated. Currently it is not known if this indicates a population-level compensatory response 
to intense fishing pressure or if these data are the result of a more accurate technique for the assessment of 
physiological maturity that revealed smaller females contributing to the spawning population. The 
contribution of these small females to the spawning population may provide a level of resiliency to the 
population, allowing the fishery to exist in a state of overexploitation (F > Fmsy) for 15 years. Monitoring 
of the population using these methods will continue to strengthen our understanding of the fishery and 
allow for the detection of biological and population-level changes.  
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Tables 
 
Table 2.1 Results of decision-tree analysis for combined and individual predictor variables. POF = post-ovulatory follicle. Histological maturity 
was defined by reaching maturity in either ovary color, cell maturity, or POF presence. Histological/Behavioral maturity was defined by qualifying 
as histologically mature (as previously defined) or by mating success (presence of spermatophores). 
 
 
 
 
 
 
 
 
1) Ovary color 2) Oocyte maturity 3) Mating success 4) POF  5) Histology 6) Histology/Behavior
Definition Orange ovaries
Oocytes in 
secondary growth
Individual has mated
POFs 
present 
in 
POFs  or ovary 
color  or oocyte 
maturity  achieved
Histology  mature and 
mating success  achieved
N 1454 1049 1455 1021 2439 2439
Split (mm) 62.35 55.85 40.45 40.45 40.45 40.45
Correct immature (%) 81 66.6 92 76.6 89 85
Correct mature (%) 55 69 94 89 91 98
Cross validated error (%) 38 32 5.8 11.4 9.2 2.3
50% maturity (mm) 64-66 44-58 41-44 38-41 41-44 41-43
100% maturity (mm) 100% not reached 100% not reached 51 47 47 47
Single variables Combined variables
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Figures 
 
 
Figure 2.1     Stone crab claw landings (tonnes) and value (US$) by season (October 15–May 15). Data provided by the Florida Fish and Wildlife 
Conservation Commission, Fish and Wildlife Research Institute Marine Resources Information System, Marine Fisheries Trip Ticket Program. 
*Designates hurricane year with heavy trap loss. 
 
* 
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Figure 2.2 Selection of Florida Fish and Wildlife Stone Crab Fisheries Independent Monitoring Program 
sampling locations. Female stone crabs were collected from Sawyer Key, Pavilion Key, Tampa Bay, and 
Cedar Key specifically for gonad analysis.   
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Figure 2.3 Oocyte staging: A) oogonia; B) early primary growth; C) late primary growth; D) early 
secondary growth; E) late secondary growth; F) spent; G) atresia. 
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Figure 2.4 Female carapace width distributions, 2006–2014. Each year represents a full sampling year 
(i.e., 2006 = January 2006 – December 2006). Numbers in parenthesis represent the median carapace 
width (mm) for each year.   
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Figure 2.5 Total number of female stone crabs in each size class collected between 2013 and 2014.  
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Figure 2.6 Physiological maturity: A) macroscopic gonad color (orange) by size class; and B) 
microscopic classification of secondary growth by size class. 
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Figure 2.7 Behavioral maturity of female stone crabs. Percentage of females that had mated in each size 
class between 2013 and 2014.  
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Figure 2.8 Piecewise regression of carapace width to crusher claw length for female stone crabs collected 
between 2006 - 2014. Transition point in the predicted allometric growth lines occurs at 66.3 mm. 
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Figure 2.9 Functional maturity: A) percentage of ovigerous females per size class; B) percentage of 
individuals with postovulatory follicles (POFs) (histologically) per size class.
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CHAPTER THREE 
 
A Florida Fishery–Wide Assessment of Maturity in the Stone Crab, Menippe mercenaria:  
Male Development 
 
 
 
Introduction 
Florida’s commercial fishery for the stone crab, Menippe mercenaria, began in the early 1900s 
and remained a developing fishery until the 1990s (Muller et al. 2011). By 1996 the fishery had reached 
full exploitation, landing more than 1,300 tonnes each year with a dockside value of more than US$25 
million (Muller et al. 2011). In 2015, the stone crab fishery was the state’s third most valuable fishery, 
with a dockside value at almost US$31.5 million (Figure 3.1). Between 1996 and 2012, annual landings 
fluctuated but remained greater than 1,133 tonnes. However, by the 2013–2014 fishing season, landings 
of claws had dropped to 901 tonnes, the lowest since the fishery reached full exploitation (Figure 3.1). 
Even with an increase in landings in the most recent years (2014-2016), an overall negative trend is still 
present, and the fishing mortality ratio (F/Fmsy) has been above 1.0 since 1997. Over the past 15 years, 
landings, catch per unit effort (CPUE), and carapace widths have declined to historic lows, while demand 
has remained high, resulting in increased prices and historically high revenues (Muller et al. 2011). 
Overexploitation and the negative trends in CPUE and crab size are particularly troubling when the 
impact of the fishery on the population’s biology is unknown. The stone crab fishery, like many other 
crustacean fisheries, targets large males (Pardo et al. 2013). Stone crab traps select for the largest crabs in 
the population, which, due to sexual dimorphism in growth rates (Wilber 1989b), disproportionately 
impacts males (Bert 1985; Ehrhardt et al. 1990). Characterization of the fished population in the Florida 
stone crab fishery is limited because only claws are harvested, which limits the amount of life history 
information that can be determined from studying the catch. Partly as a result of this data inadequacy, 
Florida Fish and Wildlife Conservation Commission (FWC) assessments of the fishery are based solely 
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on fishing effort and landings of claws. It is essential to the improvement of management practices that 
methods of assessing populations of the stone crab in Florida be developed through continued exploration 
into life history components, such as size at maturity.  
Most studies that have estimated size at maturity in male stone crabs have reached different 
conclusions, probably because of small sample sizes or the methods used to collect the crabs or assess 
maturity. Savage and Sullivan (1978), using differences in allometric relationships in 47 male crabs from 
Tampa Bay, FL, determined that sexual maturity occurred at an approximate carapace width of 35 mm. 
Bert et al. (1986) used the method of Somerton (1980) to assess crabs collected from Everglades National 
Park and found that a carapace width of 71 mm indicated sexual maturity (n = 742). Similarly, Restrepo 
(1989a) used a segmented regression model on pre- and postmolt carapace widths of crabs in the 
Everglades National Park and found that sexual maturity occurred at a carapace width of 63 mm (n = 
107). The most recent estimates come from work in Tampa Bay by Gerhart and Bert (2008), who found 
that carapace width at 50% maturity in the population was 68 mm, using piecewise regression of carapace 
width to crusher claw (n = 8,238) and discriminate function analysis (Gerhart and Bert 2008). Each of 
these studies was limited to a small geographic area and, at times, small sample sizes that may not have 
captured the extent of the fishery or the variability in growth rates due to diet, temperature, and genetic 
characteristics. Additionally, none of these studies used any physiological indicators of sexual maturity. 
They attempted to distinguish changes using only external morphology.  
Sexual maturity is defined as the size at which individuals become able to produce reproductive 
cells and copulate (Hartnoll 1969). Production and packaging of spermatozoa is the physiological process 
of sexual maturation in male stone crabs. Spermatogonia, the initial male germinal cells, are produced in 
the testes, where they mitotically divide into spermatocytes and then meiotically into spermatids. 
Spermatids develop into mature, nonflagellated spermatozoa (Brown 1966) with radial arms (Binford 
1912). Spermatozoa are then evacuated from the testes to the anterior vas deferens, where they are 
packaged into spermatophores (Stewart et al. 2010). Spermatophores are stored in the middle vas deferens 
in a matrix of seminal fluid, until they are transferred to the female during copulation (Stewart et al. 
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2010). Creation and storage of spermatophores in the vas deferens are, therefore, evidence of 
physiological maturity (Watson 1970; Haley 1973; Haefner 1985; Wilber 1989b; Haefner 1990; Paul 
1992; Leal et al. 2008). In addition, male crabs are not considered to have reached morphological 
maturity until they become capable of successful copulation, be it concurrently with or succeeding the 
attainment of physiological maturity (Minagawa and Higuchi 1997). Changes in the size of various body 
parts may be used to detect morphological maturity (Fernández-Vergaz et al. 2000). Studies of male 
decapods have compared the relative growth of gonopods to carapace width (Minagawa and Higuchi 
1997; Bertini et al. 2007), chela length to carapace width (Gerhart and Bert 2008; Moyano et al. 2011), 
and chela height to carapace width (Fernández-Vergaz et al. 2000; Goshima et al. 2000). It is not 
surprising that no standard allometric relationship exists in crustaceans given the variability in allometric 
growth contingent on selection pressure of habitat, food preference, courting behaviour, and agonistic 
encounters (Brown et al. 1979; Lee and Seed 1992; Lee 1995; Schenk and Wainwright 2001) 
The present study is the first to use physiological indicators in addition to morphometric 
measurements to estimate the size at which 50 and 100% of male stone crabs are considered sexually 
mature. Previous studies relied exclusively on changes in morphological measurements of crabs collected 
from small geographic areas. To represent the diversity of habitats, reflect individual variation in 
physiological development, and account for geographic variation, stone crabs were sampled monthly for 
one year over the species’ fished range in Florida. This project was part of the ongoing work by the 
FWC’s Fish and Wildlife Research Institute’s Crustacean Research Project (FWRI-CRP) to establish and 
improve upon life history parameters for the stone crab in Florida. 
 
Methods 
Field Sampling and Historical Data 
 FWRI’s Stone Crab Fisheries-Independent Monitoring Program (SCFIM) began continuous 
collection of stone crab fishery data in Tampa Bay in 1989 and expanded fishery-wide in February 2005 
to eight fixed locations. Twenty plastic commercial stone crab traps, baited with mullet (Mugil cephalus) 
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were deployed at each location and serviced bimonthly to determine catch composition, carapace width, 
claw length, and claw regeneration status (original or regenerated) of stone crabs. 
 
Gonad Sampling and Preservation 
 Male stone crabs were collected bimonthly from January 2013 through January 2014 from four of 
the eight SCFIM locations. These sites are located in Sawyer Key, Pavilion Key, Tampa Bay, and Cedar 
Key (Figure 3.2). From each location, based on availability, a maximum of four male crabs were collected 
from 10 size classes of carapace width (in mm: 25–29, 30–39, 40–49, 50–59, 60–69, 70–79, 80–89, 90–
99, 100–109, 100+; n = 1,061). Crabs were transported to the laboratory alive and dissected at once or, 
occasionally, held in seawater overnight and dissected the following day. 
Immediately prior to dissection, measurements were taken of carapace width, carapace length, 
claw length, and claw regeneration status (original or regenerated), total body weight, and body weight 
without claws; molt stage was determined and extent of external fouling assessed. Once morphological 
measurements were obtained, the crabs were anesthetized on ice, euthanized, and dissected. Macroscopic 
differentiation between the middle and posterior vas deferens was difficult and thus portions of the testes, 
anterior, middle or posterior vas deferens, and ejaculatory duct were removed and their color recorded.  
For histological examination tissue samples were placed in a fixative solution of 5% 
paraformaldehyde (PFMA) 0.1M phosphate buffer (Humason 1962) for 24 hours. Following fixation, 
tissue samples were placed in tap water for one hour, drained, and placed in 70% ethanol in scintillation 
vials. Samples were stored in 70% ethanol until further processing. Before embedding, tissues were 
dehydrated through an infiltration process using increasing (95%, 100%) concentrations of ethanol. After 
dehydration, infiltration continued into 100% fresh glycol methacrylate resin, JB-4® resin (distributed by 
Electron Microscopy Sciences, Hatfield, PA). Tissues were then embedded in JB-4®. Embedded tissue 
was sectioned at a thickness of 4 μm on a Leica® RM 2165 microtome using a 9-mm glass knife. The 
sections were mounted on Fisher® slides that had been acid-cleaned with 0.1% HCl. Each slide was 
stained with hematoxylin and eosin (H&E). Stained sections were then examined under 20 – 100× 
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magnification to determine their state of maturation. Each individual (n = 842) was assigned a 
reproductive stage of either mature or immature.  
 
Physiological Maturity 
Histological sections of the testes, the anterior, middle, or posterior vas deferens, and the 
ejaculatory duct were examined for the presence of spermatogonia, spermatozoa, and spermatophores. 
The maturity stage of each tissue type is illustrated in Figure 3.3. An individual was considered 
physiologically mature when spermatophores were present in the anterior, middle, or posterior vas 
deferens.  
 
Morphological Maturity 
A piecewise regression model was implemented on historical data to assess the change in 
allometric growth between carapace width and claw length (original crusher claw). An allometric 
relationship of carapace width and claw length was used by Savage and Sullivan (1978) and Gerhart and 
Bert (2008) based on the importance of claw size in attaining and guarding a mate. Length of the original 
crusher claw was regressed against the carapace width for each individual. Piecewise regression then 
determined the transition point at which the slope and intercept changed, indicating a change in allometric 
growth. Estimation of the nonlinear model was an iterative process, and used least squares estimates to 
evaluate the input parameters and model fit (SAS Institute Inc. 1999). The value of the intercept (b) 
defines the type of allometry (b = 1 isometric; b < 1 negative; b > 1 positive) (Bertini et al. 2007). The 
relative support for use of a piecewise model over linear regression, was assessed using Akaike’s 
information criterion (Akaike 1973). An individual was considered mature if its carapace width was 
greater than the transition point determined by piecewise regression.  
 
 
 
 40 
 
Statistical Analysis 
Descriptive statistics, frequencies, and piecewise regression were done using SAS Enterprise 
Guide 5.1 (2012 SAS Institute Inc.). Piecewise regression analyses were performed following Gerhart and 
Bert (2008), and implemented in SAS Enterprise Guide 5.1 (2012 SAS Institute Inc.) using the NLIN 
procedure. Independence, normality, and homogeneity of the residuals were satisfied for piecewise 
regression analysis.  
A decision tree was developed using rpart in R v3.2 (Therneau and Atkinson 1997) to determine 
at what carapace width male crabs achieved sexual maturity. Each crab was designated as mature or 
immature based on the presence of spermatophores in the anterior vas deferens, and was used as the 
predictor variable. The decision tree then compared model output to the validated samples to determine 
the cross-validated error, i.e., the expected error of new data using the same sampling regime, percent 
misclassification, and the carapace width at which the decision tree split between immature and mature 
individuals. The percent mature for each carapace width bin (at least 20 individuals per bin) was then 
calculated to determine carapace width at 50% and 100% maturity.   
 
Results 
Description of Catch 
 Carapace width distributions varied temporally, with a shift to smaller carapace widths over time 
in SCFIM data (KS = 4.76, P < 0.001). However, in the 2013 and 2014 sampling seasons, carapace 
widths were relatively consistent (Figure 3.4). During my one-year study period (2013 – 2014), 1,061 
male stone crabs were collected and 842 were used for physiological estimates of maturity via 
histological examination. Carapace width ranged from 24.6 mm to 127.4 mm (median = 70.1 mm). 
Distribution of catch varied among size classes over the sampling period, with the majority of catch 
within size classes 50-80 mm) are summarized (Figure 3.5).  
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Physiological Maturity 
  Histological samples of each tissue type were examined to determine organ function and 
dominant cell composition. Each male tissue type had a dominant cell type or combination of cell types 
that reflected the function of the organ or duct. Teste tissue (n = 613 individuals) contained 
spermatogonia (3.7%), spermatozoa (8%), or a combination of the two (88%). Anterior vas deferens 
tissue (n = 654) contained primarily spermatophores (99.5%); three individuals (0.04%) had either 
spermatozoa, spermatogonia, or no cells present. The occurrences in these three samples may be 
attributed to portions of teste tissue overlapping the anterior vas deferens tissue when embedded for 
histology. Middle vas deferens and posterior vas deferens tissues (n = 784) were composed of 
spermatophores (99.7%), with two occurrences (0.012%) of spermatozoa or absence of cells. The 
ejaculatory duct tissue (n = 512) did not typically contain any reproductive cells (97.3%), though in 2.7% 
of individuals it contained spermatophores.  
 Next, it was determined whether there was an association between the macroscopic color of the 
organ or duct and the dominant cell type within. Testes that contained a combination of spermatozoa and 
spermatogonia were either translucent (36.9%) or white (60.9%). Anterior vas deferens tissue that 
contained spermatophores was white (90.8%) and translucent (8.1%). Middle and posterior vas deferens 
tissue that contained spermatophores was primarily white (89.1%); 9.5% was translucent. Ejaculatory 
duct tissue rarely contained reproductive cells, and 98.8% was translucent.  
 
Morphological Maturity  
Piecewise regression predicted that a transition point in allometry between carapace width and the 
length of the original crusher claw would occur at a carapace width of 63.1 mm (n = 37,192) (Figure 3.6). 
Carapace width explained 95% of the variation in claw length above 63.1 mm (y = 0.92x − 5.44) (R2 = 
0.945, p < 0.0001) and 92% of the variation below 63.1 mm (y = 1.18x − 22.14) (R2 = 0.918, p < 0.0001). 
AIC values revealed substantial support for the piecewise model over linear regression (ΔAIC = 3,107). 
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Functional Maturity 
Of the 840 male stone crabs that were sampled for histological analyses, 14 had spermatophores 
in the ejaculatory duct. The size of these individuals ranged from size class 30 to 90. Presence of 
spermatophores in the ejaculatory duct indicates that the individual was copulating or had recently 
copulated.  
 
Decision-Tree Analysis 
Decision-tree analyses determined that the split between physiologically mature and immature 
individuals occurred at a carapace width of 34.8 mm, with a cross-validated error of 2.3%. The model 
predicted mature individuals with 98.9% accuracy and immature individuals with 72.5% accuracy. The 
carapace width at which 50% of the male stone crabs are physiologically mature is 34 – 37 mm. There 
was no size at which an exact proportion of 50% maturity occurred, but 79% of males were 
physiologically mature at 38 mm. At a carapace width of 42 mm, 100% of the males were physiologically 
mature (Figure 3.7).  
 
Discussion  
Long-term monitoring of stone crab carapace widths revealed an overall decrease in carapace 
width distributions between 2005 and 2015. Decline in size and other life history parameters, such as, size 
at sexual maturity in crustaceans and fish is a common pattern in heavily exploited fishery species, 
especially those whose fisheries select for larger individuals (Ricker 1981; Pollock 1995; Fenberg and 
Roy 2008). Detecting a change in size at sexual maturity is difficult because long-term data sets are 
limited to small geographic areas that do not comprise the range of habitats, diets, and fishing pressures 
that influence stone crab growth and maturity. Gerhart and Bert (2008) used piecewise regression to 
analyze the longest historical data set (1988 – 2003) then available from Tampa Bay and determined that 
size at 50% sexual maturity in males corresponded with a carapace width of 68 mm. Using the same 
methodology on the statewide data set between 2005 and 2015, we found that sexual maturity was 
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associated with a carapace width of 63.1 mm. This finding is similar to Restrepo’s (1989a) 66.3 mm, but 
slightly smaller than Bert’s (1985) 71 mm and Gerhart and Bert’s (2008) 68 mm. If we assume that 
morphological data from one geographic area (Tampa Bay) is an appropriate representation of the status 
of the statewide fishery, then these data indicate that there has been a decline in estimated size of sexual 
maturity in male crabs. But piecewise regression, used here to predict morphological maturity, simply 
determines a transition point in allometric changes without any associated error or predictability. In this 
case, there was only a minor improvement on the mean square error between the piecewise regression and 
the linear model. Nevertheless, allometric relationships do not directly measure maturity, but only infer it 
based on the choice of morphological data used in the relationship.  
The problem with using allometric changes in growth to indicate maturity in stone crabs is that 
many body parts are not directly related to sexual maturation and, as in many decapods, they rely on claw 
size and strength for many aspects of survival and population success (Wilber 1989a; Lee and Seed 1992; 
Schenk and Wainwright 2001). The primary prey of stone crabs are gastropods and bivalves, the species 
of which vary between habitat, life stage, and availability (Bender 1971; Brown et al. 1979). These hard-
shelled prey items require great force to handle, dismantle, and consume, resulting in immense claws for 
their relative carapace size. The ability to sustain rapid claw growth and regeneration of appendages 
following injury and claw harvest depends on a crab’s ability to access and consume protein-rich prey, 
which are often hard-shelled mollusks (Bender 1971; Hogan 2013). For this reason we conclude that 
using the allometric relationship used in previous studies between crusher claw length and carapace width 
is not an accurate index of maturity for the male stone crab, M. mercenaria. This is supported by findings 
in a close relative, M. nodifrons, for which Bertini et al. (2007) found that relationships between claw and 
carapace width did not reliably indicate sexual maturity; this mirrored the findings of Góes and Fransozo 
(1997) for Eriphia gonagra and of Guerrero et al. (1998) for the genus Callinectes. In M. nodifrons the 
most reliable allometric indicator of morphological sexual maturity was the relationship between gonopod 
length and carapace width (Bertini et al. 2007). Another allometric relationship that correlated to sexual 
maturity in male crabs of other species (Hapalogaster dentate, Chionecetes tanneri, Paralomis 
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spinosissima, P. formosa, and Chaceon affinis) is that between claw height and carapace width (Watters 
and Hobday 1998; Fernández-Vergaz et al. 2000; Goshima et al. 2000). We recommend a comprehensive 
analysis of the relationship between these structures and physiological maturity with the goal of 
developing a standard monitoring set for M. mercenaria. 
The present study is the first histological assessment of male maturity in stone crabs and provides 
insight into the function of the male reproductive system, as well as the carapace width at which 
physiological maturity is reached. Cell composition of the testis and vas deferens was consistent with that 
in previous studies of spermatogenesis in decapods (Binford 1912; Watson 1970; Haley 1973; Haefner 
1985; Wilber 1989b; Haefner 1990; Paul 1992; Leal et al. 2008; Stewart et al. 2010). Spermatogonium 
production and maturation into spermatozoa occurred in the testes as evidenced by the high percentages 
of spermatogonia and spermatozoa present in this tissue. Packaging of spermatozoa followed in the 
anterior vas deferens, the coalescing of spermatophores with seminal fluid and storage in the middle and 
posterior vas deferens. Spermatophores were consistently absent from the ejaculatory duct, indicating that 
copulation had not directly preceded the time of capture. In the few cases in which the ejaculatory duct 
contained spermatophores, the crab may have been preparing to copulate or may have recently copulated. 
The postcopulatory retention time of spermatophores in the ejaculatory duct, however, is unknown.  
Color and cellular contents were closely correlated for some male tissues. The strongest 
relationship between color and cell type occurred in the vas deferens, regardless of region. When the 
anterior vas deferens contained spermatophores it was white in 90.8% of samples. When the middle or 
posterior vas deferens contained spermatophores the tissue was white in 89.1% of samples. This strong 
relationship between color and spermatophore content suggests that organ color is an effective means of 
estimating physiological maturity in male stone crabs.  
 From a decision-tree analysis, size at physiological maturity corresponded to a carapace width of 
34.8 mm. Decision-tree analysis has not been broadly used in studies of crustacean reproduction, but has 
proved successful for reproduction studies of cephalopods (Crespi-Abril et al. 2015) and female stone 
crabs (Chapter 2). This method improves upon standard, size-class-frequency analysis by providing a 
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carapace width at which there is a split between mature and immature male crabs, quantification of 
classification error, and cross-validated error. In addition, this nonparametric method is robust to extreme 
values, and classification of carapace width at maturity is not greatly influenced by outliers (Steinberg and 
Colla 1995). This is particularly useful in species, such as crabs, that have intrinsically plastic life history 
traits (Beninger et al. 1993; Andrade et al. 2015; Crespi-Abril et al. 2015). The present study determined 
that physiological maturity in males occurs at a carapace width of 34.8 mm, based on presence of 
spermatophores in the anterior vas deferens. Low cross-validated error (2.3%) and high accuracy of 
predicting mature individuals (98.9%) indicate the reliability of this method and output. Carapace width at 
physiological maturity determined in this study is much smaller than previous estimates of stone crab 
sexual maturity based on morphology (Bert et al. 1986a; Restrepo 1989a; Gerhart and Bert 2008), but is 
consistent with the findings of Savage and Sullivan (1978) in stone crabs collected from Tampa Bay (n = 
47), where males reached sexual maturity at 35 mm carapace width.  
Sexual maturity is achieved when all maturation stages (physiological, morphological, and 
functional) have been achieved (Fernández-Vergaz et al. 2000). Physiology and morphology have been 
addressed, but information in terms of functional maturity in male stone crabs is scarce. Functional 
maturity is arguably the most important component of sexual maturity (Goshima et al. 2000) and is 
defined as the ability to copulate and transmit spermatophores (Elner and Beninger 1995). Gerhart and 
Bert (2008) used sightings of mating pairs in traps to show evidence of copulation. They reported a mean 
carapace width of 86.1 ± 16.9 mm, but sample size was only 17, and this width was significantly larger 
than their estimates at 50% maturity. The smallest male found in a mating pair was 49.5 mm in carapace 
width (Gerhart and Bert 2008). The present study used evidence of spermatophores in the ejaculatory duct 
as an indication that the individual was actively mating when trapped or had copulated not long before 
capture. Of the 14 crabs sampled with spermatophores in the ejaculatory duct, carapace width ranged 
from 35 to 67 mm.  
The large average carapace width (67 mm) is not surprising given the size-selectivity of stone 
crab traps, but it is the minimum size that may be the most meaningful. It can be argued that the size at 
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physiological maturity estimated by histological analysis is incorrect, because some crustaceans develop 
physiologically before they reach morphological or functional maturity; therefore, physiological maturity 
should not be the sole estimate of sexual maturity (Minagawa and Higuchi 1997; Goshima et al. 2000; 
Conan et al. 2001). Nevertheless, given the evidence that these smaller (35 – 49.5 mm) individuals are 
capable of copulation, stone crabs may reach functional maturity much earlier than previously thought, or 
small morphologically immature males mate when competition from large males is not present.  
Previous studies have shown that large male crustaceans have more successful mating encounters 
than small males. This is due to their ability to physically overcome competing males (Sinclair 1977; 
Wilber 1989b; Sainte-Marie et al. 1995; Gerhart and Bert 2008), protect the molting female from mating 
competition (Jivoff 1995; Jivoff and Hines 1998), and maintain a grasp while copulating (Snedden 1990; 
Stevens et al. 1993). Elner and Beninger (1995) and Ennis et al. (1988) found that in the commercial 
fishery for the snow crab, Chionoecetes opilio, males conformed to a mating hierarchy according to 
morphometric status. Large morphometrically mature males were most successful at mating, followed by 
small morphometrically mature, large morphometrically immature, and small morphometrically 
immature. But because behavior in decapods is plastic and population size structure is susceptible to 
environmental and fishery forces, any male with spermatophores, regardless of morphology, will mate 
should the opportunity arise (Elner and Beninger 1995; Moyano et al. 2011). The Florida stone crab 
fishery, much like the C. opilio fishery, targets large males and has shown fluctuations and overall 
decreases in male carapace width. Decreases in the number of large males increase the opportunity for 
smaller males, which may be categorized as morphologically immature, to mate and successfully fertilize 
females, as did the individuals documented by Gerhart and Bert (2008) in mating pairs and those in the 
present study that possessed spermatophores in their ejaculatory duct. A possible disadvantage to the 
participation of smaller males in mating is sperm limitation, as smaller males produce and transfer fewer 
spermatophores to females (Wilber 1986; Paul and Paul 1989; Sainte-Marie et al. 1995; Jivoff 1997). 
Since 50% of female stone crabs have mated and are actively spawned by 44 mm carapace width 
(Chapter 2), sperm limitation may occur, but not to the detriment of the population. It is likely that small 
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males are copulating with females of an equal or smaller size. Because molting can occur twice a year in 
crabs 30 – 58 mm in carapace width, they have multiple opportunities to mate (Gerhart and Bert 2008). 
Females are also capable of trans-molt spermatophore storage and can amass spermatophores from 
multiple mating encounters and multiple males (Cheung 1968). Gerhart and Bert (2008) proposed that 
males do not mate until after they are susceptible to the fishery (70 mm minimum claw length, 
corresponding to 78 mm, carapace width), but given this new evidence that males mature sexually at a 
smaller carapace width, males may be able to contribute to the spawning population once or twice before 
they enter the fishery.  
Sustained overexploitation, decreases in CPUE (Muller et al. 2011), high mortality associated 
with declawing (Gandy et al. 2016), and decreases in carapace width over time depict a fishery with bleak 
prospects. The stone crab fishery, however, has maintained a level of resiliency allowing it to persist in a 
state of overexploitation for more than 15 years. It appears that a portion of resiliency may be attributable 
to the contribution of smaller males and females mating and spawning prior to entering the fishery. 
Sampling methods are size-selective and have never used physiological analysis to determine size at 
sexual maturity; therefore, these small individuals may have always contributed to the spawning stock but 
have gone undetected. Conversely, the plasticity of the stone crab life history may allow for small 
individuals to opportunistically participate in mating during fluctuations in population size structure, 
when fewer large males are present in the population. There is a need to further explore the allometric 
relationships between carapace width and the size of other structures, such as chela height and gonopod 
length, to determine whether they more closely predict physiological maturity. Furthermore, there should 
be consistent ongoing sampling using histology to monitor size at sexual maturity to determine whether 
there are decreases in size of maturity over time.  
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Figures 
 
 
Figure 3.1 Stone crab claw landings (tonnes) and value (US$) by season (October 15–May 15). Data provided by the Florida Fish and Wildlife 
Conservation Commission, Fish and Wildlife Research Institute Marine Resources Information System, Marine Fisheries Trip Ticket Program. 
*Designates hurricane year with heavy trap loss.
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Figure 3.2 Florida Fish and Wildlife Stone Crab Fisheries Independent Monitoring Program 
sampling locations. Male stone crabs were collected from Sawyer Key, Pavilion Key, Tampa Bay, 
and Cedar Key specifically for gonad analysis.
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Figure 3.3 Histological sections of the mature male reproductive system: A) teste tissue 
containing spermatogonia (1) and spermatozoa (2); B) formation of spermatophores in the 
anterior vas deferens; C) spermatophores (3) in a matrix of seminal fluid within the 
middle/posterior vas deferens tissue; and D) ejaculatory duct. 
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Figure 3.4 Distribution of carapace widths for male stone crabs collected between 2006 and 
2014. Each year represents a full sampling year (i.e., 2006 = January 2006–December 2006). 
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Figure 3.5 Frequency of male stone crabs in different size classes for 2013 and 2014. 
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Figure 3.6 Piecewise regression of male carapace width against original crusher claw length (n = 37,192) 
for stone crabs collected between 2006 – 2014. 
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Figure 3.7 Percentage of physiologically mature males per 1- to 3-mm size class (at least 20 individuals 
present per size class) based on the carapace width that the decision tree split between mature and 
immature males. Vertical line indicates split between mature and immature individuals; horizontal line 
indicates size class at which 79% of males were physiologically mature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 55 
 
 
 
 
 
 
CHAPTER FOUR 
 
A Florida Fishery–wide Assessment of Reproductive Potential in the Stone Crab, Menippe mercenaria 
 
 
Introduction 
Assessment of the heavily exploited stone crab (Menippe mercenaria) fishery in Florida requires 
accurate descriptions of the reproductive biology and population dynamics of the entire stock.  In 
particular, understanding the spatial and temporal variability of the stock’s reproductive potential across 
the fished population is essential.  Fecundity is commonly used as a measure of stock reproductive 
potential and, therefore, the development of biological and fisheries reference points with respect to 
fecundity is needed for effective marine fisheries management (Campbell and Robinson 1983; Goni et al. 
2003; Tallack 2007; Cooper et al. 2013). However, obtaining an accurate assessment of fecundity in 
individuals of an exploited stock is challenging because it requires a large sample size covering the 
geographic distribution of the species (Tully et al. 2001).  
There is a well-documented positive correlation between body size and fecundity in stone crabs 
and other decapods (Jones et al. 1990; Sainte-Marie 1993; Mantelatto and Fransozo 1997; Pereira et al. 
2009; Bert et al. 2016). Precise estimates of crustacean fecundity, however, are often difficult to obtain 
because of the inherent variability among females of a similar size (Goni et al. 2003). This variability may 
be attributed to multiple factors, including diet (Griffen 2014), environmental and physical habitat 
conditions (e.g., food quantity and quality, habitat structure (DeMartini et al. 2003; Zairion et al. 2015), 
local demographics (population density, competition), and temperature (Lardies and Castilla 2001; 
Lardies and Wehrtmann 2001; Antonio et al. 2003; Cardoso and Defeo 2003; Bert et al. 2016). As such, 
the factors influencing the spatial and temporal variability of fecundity estimates are an important 
consideration when assessing the usefulness of existing indices for fisheries assessments. 
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Fecundity studies on M. mercenaria are scant and those that do exist generally have had small 
sample sizes (< 5 individuals) (Binford 1912; McRae 1950; Noe 1967). The most robust study to date 
(Bert et al. 2016) assessed fecundity of ovigerous females from 1993 - 1995 collected from Tampa Bay, 
Florida (n = 329). This study explored the influence of multiple intrinsic and extrinsic factors on 
fecundity in stone crabs from Tampa Bay, and revealed the association between carapace width, 
temperature, and clutch size. While robust, the Tampa Bay study was limited to a geographically small 
region within the extensive latitudinal distribution of the stock along Florida’s west coast. A spatially 
limited study may not have adequately captured the variability inherent to crustaceans throughout their 
range, which could preclude the development of an accurate estimation of stock productivity for future 
assessments.  
 Stone crab spawning generally occurs between June and October throughout Florida (Bender 
1971; Gerhart and Bert 2008; McRae 1950; Rosa et al. 2004). However, due to regional variation in water 
temperatures, the spawning season is protracted and occurs May - November in southern Florida (Noe 
1967; Cheung 1968; Sullivan 1979; Bert et al. 1986). Females are capable of producing an average of 4.5 
fertilized egg masses each mating event (Cheung 1969). Upon extrusion, the fertlized eggs are bright 
orange and progress to a dark grey color as the embryo develops within the egg. During the 11 - 14 day 
period of embryonic development (Binford 1912; Porter 1960), the eggs grow in diameter and the egg 
mass is vulnerable to losses stemming from unviable eggs, predation, and disease (Darnell et al. 2009; 
Graham et al. 2012). The stone crab fishing season (October 15th – May 15th) in Florida was implemented 
in 1985 under Florida Administrative Code (Chapter 46-13) to protect spawning females from harvest and 
eliminate fishing mortality during the peak spawning season (Savage and Sullivan 1978). Data obtained 
from the Florida Fish and Wildlife Research Institute (FWRI) Marine Resources Information System’s 
Marine Fisheries Trip Ticket Program indicates that sixty percent of stone crab claws are landed in south 
Florida (Collier-Monroe counties), twenty percent in southwest to west-central Florida (Lee-Pasco), and 
twenty percent in northwest Florida (Hernando-Taylor). Despite the existing seasonal closure (May 16th - 
October 14th), there is an overlap between the south Florida spawning season and the beginning of the 
 57 
 
fishing season. The high percentage of landings combined with high mortality from declawing (10 - 
62%), depending on the severity of the break and number of claws removed (Duermit et al. 2015; Gandy 
et al. 2016) may negatively and disproportionately affect reproductive potential of females in that region.  
Here, I determine the batch fecundity (number of eggs per clutch) of stone crabs collected 
throughout the Florida fishery and quantify some of the dominant factors influencing variability in stone 
crab fecundity. Crabs were collected monthly and over a wide range of size classes for two years. I 
developed a negative binomial model to quantify the relationship between fecundity and carapace width, 
while accounting for spatial differences in fecundity among survey locations and temporal differences in 
fecundity over approximately two years of sampling. By encompassing a large latitudinal range and the 
expanse of the Florida fishery, these data will provide an accurate baseline for future assessments of 
fecundity, which may be used to test for fishery-induced effects on reproductive output.  
 
Methods 
Sample Collection 
Egg-bearing females having a recently extruded (bright orange) egg mass were collected 
bimonthly from April 2013 through April 2015 from four FWRI Stone Crab Fishery Independent 
Monitoring (SCFIM) locations.  Six hundred and six newly extruded egg masses were sampled from 
captured crabs for fecundity analysis to minimize the effect of egg loss that may have occurred prior to 
the collection of animals, or change in diameter during embryo development.  The sampling sites were 
located at Sawyer Key (SK), Pavilion Key (PK), Tampa Bay (TB), and Cedar Key (CK), where Sawyer 
Key is the most southern site, and Cedar Key the most northern (Figure 4.1). These sites were chosen to 
encompass the latitudinal range of the stone crab fishery, to span multiple habitat types, and to coincide 
with collection of male and non-ovigerous crabs for related studies. Bimonthly, from each location, a 
maximum of three crabs were collected from 10 carapace width size classes (in mm: 25-29, 30 - 39, 40 - 
49, 50 - 59, 60 - 69, 70 - 79, 80 - 89, 90 - 99, 100 - 109, 110+). Live crabs were transported to the 
laboratory, where they were anesthetized on ice and then dissected.   
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Immediately prior to dissection, measurements of carapace width, claw length, total body weight, 
and body weight without claws were recorded. The newly extruded eggs and all eight pleopods were 
removed, placed in a 125 µm sieve, and rinsed under running tap water to remove any sediment or 
hemolymph from the sample. Eggs were then transferred to a container of 5% formaldehyde solution, 
where they were stored until further processing.  
 Prior to processing the eggs for fecundity determinations, the diameter of 25 eggs was measured 
from each of 417 crabs. Eggs were placed in a petri dish and manually separated to ensure that they lay 
flat on a single plane. Images were taken using a Leica S6D camera and diameter measured with Leica 
Image Analysis Software (Leica Microsystems, Germany). The diameters of the 25 eggs were averaged 
for each batch. In addition, batch fecundity determinations (number of eggs per clutch) were made using 
606 crabs based on a modified protocol described by Graham et al. (2012) as follows: the formaldehyde 
solution was drained off of the preserved egg mass through a 125 µm sieve, and rinsed under tap water 
for 1 minute. To separate the eggs from the pleopods, the sieve was then immersed in 1:1 sodium 
hypochlorite: seawater mixture until eggs completely separated (Choy 1985). They were then rinsed 
under tap water for 15 seconds and immersed in 4% sodium thiosulfate to neutralize any remaining 
bleach. Three subsamples of approximately 600 eggs were removed and counted using a Leica 
stereoscope equipped with a Leica S6D camera and processed with Leica Image Analysis Software (Leica 
Microsystems, Germany). The entire egg mass and subsamples were then placed in separate pre-weighed 
aluminum dishes, dried at 80° C to a constant weight (1 week), then placed in a desiccator and cooled to 
room temperature. All samples were weighed on a Mettler Toledo MS603S balance (Mettler Toledo, 
Columbus, OH). The individual dry egg weight was calculated for each subsample (dry weight of 
subsample/number of eggs), and averaged across the three samples. To calculate the number of eggs in 
the entire clutch (batch fecundity), the dry weight of the entire egg mass was divided by the average 
individual egg dry weight.  
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Environmental Data 
Seawater temperature and satellite ocean color were used to assess the potential environmental 
influences on batch fecundity. Bottom temperature readings were taken at each location, with a YSI 650 
MDS multi-parameter display system (YSI Inc., Yellow Springs, Ohio), at the time of crab collection. 
Mean monthly temperature was determined by averaging the monthly temperature readings from each 
location. Ocean color, represented as mean monthly chlorophyll-a concentrations, was obtained from the 
satellite based virtual buoy system (VBS) (Hu et al. 2013), as a representation of productivity at all 
locations except for Pavilion Key where data were not available. These chlorophyll-a sites were located 
within 0 - 35 km of the crab collection sites.  
 
Statistical Analysis 
Historical vs. contemporary fecundity.  Crabs were binned into 10 carapace width classes (in mm: 30 - 40, 
40 - 50, 50 - 60, 60 - 70, 70 - 80, 80 - 90, 90 - 100, 110+) for frequency analysis and to allow for 
comparison of observed batch fecundity during the present study with that in the published literature. The 
present fecundity data did not meet assumptions of normality and only descriptive statistics were 
available for historical data. Therefore, no statistical comparison could be made between the two studies. 
The present and historical data are provided, but only superficially compared.  
 
Batch fecundity modeling. The primary multivariate modeling objective was to assess the influence on 
stone-crab batch fecundity of a crab-specific covariate (Carapace Width), a spatial covariate (Location: 
Cedar Key, Sawyer Key, Pavilion Key, and Tampa Bay), and several categorical covariates associated 
with time (Year: 2013, 2014, and 2015; Month: all months except for November; and Month/Year: 20 
unique month/year combinations). Initial model assessments indicated substantial overdispersion in the 
batch fecundity data, which precluded the use of a conventional Poisson regression for modeling egg 
counts. Hence, a negative binomial model was used, which enabled estimation of an overdispersion 
parameter that accounted for excessive variability in the data. Similar to a Poisson regression, the 
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negative binomial model used a log link function to model batch fecundity as a linear combination of 
covariates, here, Carapace Width, Location, and Time. Carapace Width was always included in models as 
a continuous covariate, whereas location was always included in models using binary indicator variables 
that identified from which of four study locations each stone crab was collected. To account for temporal 
differences in stone crab fecundity, the Year, Month, and Month/Year effects were always included in the 
model as categorical covariates that identified the Year (three groups), Month (11 groups), or Month/Year 
(20 groups) during which stone crabs were collected. When using a categorical predictor variable to 
identify group membership, one of the groups must serve as a statistical baseline for comparison (i.e., to 
serve as the model intercept). During model-fitting, Cedar Key was arbitrarily selected as the statistical 
baseline when location was included as a predictor in the model. Similarly, the baseline for the Year, 
Month, and Month/Year temporal effects was arbitrarily selected as 2013, January, and April 2013, 
respectively. The Month/Year covariate was used in lieu of sea water temperature to more accurately 
represent the biological and seasonal spawning cycle of the stone crab. Additionally, chlorophyll was not 
included as a covariate, but rather, a post-hoc analysis.   
Due to the large number of possible combinations of covariates, the model-fitting procedure was 
conducted in a stepwise fashion. The first step (A) involved identifying the best combination of temporal 
effects using the global (all predictors) model. Specifically, the relative support for two different models 
was assessed using Akaike’s Information Criterion (Akaike 1973) with a small-sample bias adjustment 
(AICc; Hurvich and Tsai 1989), and each model represented a different covariate associated with Time 
(Table 1). For the next step (B), the best-approximating (i.e., lowest AICc) model in A was used to assess 
the relative support for four additional models, each representing a different combination of Carapace 
Width, Location, and Month/Year (Table 1B). Using the best-approximating model from B, seven 
additional models were constructed for step C to assess support for differences in batch fecundity among 
the four study locations (Table 1C). The precision of parameter estimates was assessed by examining 95% 
confidence intervals, and all parameters with a 95% confidence interval that overlapped zero were 
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considered imprecise. All inferences were based on parameter estimates from the best-approximating 
model from step C. 
 In addition to assessing the influence of carapace width, spatial, and temporal influences on stone 
crab batch fecundity, I also sought to assess the influence of egg diameter on batch fecundity. However, 
egg diameter measurements were only available for 417 of the 606 total egg batches, which meant that 
mean egg diameter (calculated by averaging the diameter of 25 eggs per batch) could not be included in 
models fit to the full data set of 606 batches. To determine support for including egg diameter, the same 
suite of models described above (Table 4.1C) were fit to the reduced data set with and without the 
inclusion of mean egg diameter as a predictor variable (Table 4.2). As before, the relative support for the 
models was determined by Akaike’s Information Criterion (Akaike 1973; Hurvich and Tsai 1989). All 
negative binomial regression models were implemented in R v 3.2.4 using the glmmADMB package 
(Fournier et al. 2012; Skaug et al. 2016).  
 
Results 
 During the two-year sample period, 606 ovigerous crabs with recently extruded egg masses over 
a wide range of carapace widths were collected from four sampling sites (Table 4.3). The number of eggs 
increased with increasing female size at all locations, but was highly variable within each size class 
(Table 4.4). Egg diameters were variable across carapace width (Figure 4.2), month (Figure 4.3), and 
batch fecundity (Figure 4.4). Median monthly egg diameter was largest in March (0.39 µm) and smallest 
in July (0.33 µm) (Figure 4.3). In July, several individuals, from multiple locations, carried eggs larger 
than 0.5 µm (Figure 4.3). Interestingly, the median egg diameter for each site, averaged over all months, 
was the same (0.35 um) and maximum egg diameter (0.42 – 0.56 um) varied only slightly between 
locations (Table 4.5). For each size class category, there appears to be minimal difference between the 
contemporary and historical batch fecundity estimates in Tampa Bay. The absence of crabs in the 30 mm 
and 110 mm size classes in the present study precluded any comparisons for those size classes to 
historical data (Table 4.6). 
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Batch Fecundity Model Selection 
The evaluation of temporal effects for the global model indicated substantial support for the 
inclusion of Month/Year as a temporal effect in the negative binomial regression model (Table 4.1A). 
Hence, all subsequent models fit in steps B and C included a Month/Year temporal covariate. Evaluation 
of the best-approximating model indicated substantial overdispersion (negative binomial overdispersion 
parameter, θ = 5.31). However, model fit was deemed adequate with no evidence of overdispersion 
remaining (Pearson χ2 test statistic/residual degrees of freedom = 0.90). The best-approximating model 
from B included Carapace Width, Location, and Month/Year as fixed effects; thus, Carapace Width, 
Location, and Month/Year were all deemed important predictors of stone crab batch fecundity (Table 
4.1B). The best-approximating model from C included Carapace Width, Tampa Bay, Pavilion Key, and 
Month/Year, and this model was 1.86 times as plausible as the next-best-approximating model, which had 
the same parameters but also included Sawyer Key (Table 4.1C).   
Evaluation of models that included egg diameter indicated little support for the inclusion of this 
parameter in the model (Table 2). The ratio of summed AICc weights for models including egg diameter 
to summed AICc weights for models excluding egg diameter indicated that models that did not include 
egg diameter were 2.82 (0.74/0.26) times as plausible as models with egg diameter (Table 4.2). Given the 
lack of support for the influence of egg diameter on batch fecundity in the reduced data set, we based all 
inferences on modeling results from the full (i.e., 606 egg batches) data set in which the influence of egg 
diameter was not considered.  
 
Parameter Estimates from Best-Approximating Model  
Parameter estimates from the best-approximating model revealed that fecundity was strongly and 
positively related to carapace width (Table 4.1C; Table 4.7). The incidence rate ratio (IRR) for Carapace 
Width, or the expected rate of increase in stone crab batch fecundity for every 1-mm increase in carapace 
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width, was 1.036 (Table 4.7; Figure 4.5). The parameter estimates are expressed on the log scale and are 
back-transformed (i.e., the inverse log is taken) to estimate batch fecundity (e8.947 + 0.035*CW+ Location + 
Month/Year). For example, the predicted batch fecundity for a 79-mm stone crab from the baseline location 
(Cedar Key) during August 2013 was 259,107 eggs, whereas the batch fecundity for an 80-mm stone crab 
at this location and time was 268,337 eggs (268,337/259,107 = 1.036). Parameter estimates and IRRs also 
indicated that batch fecundity was, on average, higher at Pavilion Key (IRR = 1.30) and Tampa Bay (IRR 
= 1.35) relative to Sawyer Key and Cedar Key. Based on 95% confidence intervals, there was no 
evidence that batch fecundity differed significantly between Pavilion Key and Tampa Bay or between 
Cedar Key and Sawyer Key (Table 4.7, Figure 4.6). Because Sawyer Key was not significantly different 
from the baseline, Cedar Key, the model grouped these locations as the baseline for parameter 
estimates. Lastly, parameter estimates indicated that batch fecundity varied substantially among years 
and months (Figure 4.6). Peak batch fecundity occurred in July and August 2013, when mean monthly 
temperatures were highest (Fig. 4.7). In general, the lowest batch fecundity occurred in spring and winter 
months when mean monthly temperatures were lower (Figure 4.6, Figure 4.7). Batch fecundity in Cedar 
Key and Sawyer Key was statistically similar, yet mean chlorophyll-a concentrations were consistently 
higher in Cedar Key (Figure 4.8).  
We note that the inclusion of Location/Month/Year as a categorical covariate was considered 
during model development to account for the possibility that temporal variability in fecundity was unique 
to each location. As a fixed effect, however, this covariate was represented by 65 groups, which meant 
that its inclusion in the model resulted in the estimation of 64 additional parameters (one group would 
serve as the statistical baseline). Given the large number of estimated parameters and the relatively small 
sample size associated with each Location/Month/Year group (mean = 9.30 observations per group, range 
= 1 to 20), we excluded this variable from consideration to avoid the possibility of obtaining biased 
parameter estimates due to small sample size. Moreover, including the Location/Month/Year covariate 
would have complicated our ability to address more fundamental questions related to spatial and temporal 
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variability in stone crab fecundity, which was our primary interest. Hence, our decision to limit the 
complexity of the temporal covariate to a Month/Year categorical predictor variable, which itself resulted 
in the estimation of 19 additional parameters, meant that temporal patterns in fecundity were assumed to 
be identical among locations (Figure 4.6). 
 
Discussion 
 The sum of reproductive output from individuals in a population determines, in part, the 
population growth potential and, therefore, the ability of the population to persist with or without 
exploitation. Determining accurate potential fecundity of the population is important not only for proper 
development of management indices, but also to monitor the effects of fishing, anthropogenic changes to 
the environment, or changes in other extrinsic factors that may influence this life history parameter. The 
present study determined that the batch fecundity of stone crabs was strongly influenced by carapace 
width, and was both spatially and temporally variable. The predictive capacity of this model improves our 
ability to quantitatively assess the reproductive potential of the species.   
The crabs sampled in this study spanned a wide range of sizes (carapace width). Fecundity 
increased with increasing carapace width, but there was substantial variation within each 10 mm size 
class. Variability in batch fecundity between crabs of a similar size is common in crustaceans and can be 
attributed to seasonal variation (Verísimo et al. 2011; González-Pisani et al. 2012; Hjelset et al. 2012), the 
number of consecutive broods (Mantelatto and Fransozo 1997; Verísimo et al. 2011), food availability 
(Annala and Bycroft 1987; France 1992; Lardies and Wehrtmann 2001; Bas et al. 2007; Verísimo et al. 
2011; Hjelset et al. 2012), latitude and temperature (Lardies and Castilla 2001; Lardies and Wehrtmann 
2001; Antonio et al. 2003; Cardoso and Defeo 2003), geographic region (Hjelset et al. 2012), and the 
density of animals in an area (DeMartini et al. 2003). 
Previous estimates of stone crab fecundity were reported by Bert et al. (2016) for crabs collected 
in Tampa Bay from 1993 through 1995. The present study confirmed the positive relationship between 
batch fecundity and carapace width, common in crustaceans, which Bert et al. (2016) also found in stone 
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crabs. However, the present study found that egg diameter did not contribute to the variability in batch 
fecundity. The lack of relationship between egg diameter and fecundity can be attributed to the 
methodological differences in sample selection between the two studies. Bert et al. (2016) assessed 
fecundity for crab sponges in all developmental stages, whereas the present study used only newly 
extruded egg masses (orange color). It is common in crustaceans for there to be considerable egg loss and 
egg diameter changes during brooding between first extrusion and larval release due to embryonic 
growth, loss of unviable eggs, disease, and predation (Darnell et al. 2009; Graham et al. 2012). Changes 
during egg brooding significantly affect the accuracy of fecundity estimates.  Our study followed the 
methodology of Graham et al. (2012) to determine fecundity based on newly extruded egg masses, which 
minimized the effect of egg loss or change in diameter from embryo development and processes 
following egg extrusion.  
A key identifier of fishery-induced evolution is temporal change in reproductive effort, such as 
fecundity (Ricker 1969; Pitt 1975; Leaman 1991). Historical and contemporary fecundity estimates from 
Tampa Bay provided the only temporal comparison of fecundity, but could not be statistically compared 
due to lack of access to the raw data from Bert (2016). There did not appear to be a large difference in 
batch fecundity (number of eggs) of any size class between 1993 and 2013. The largest (110+ mm) and 
smallest (30 mm) could not be compared because no crabs of those sizes were collected in 2013. The 
apparent lack of change between these periods suggests that, despite intense fishing since the 1980’s, 
there was no impact on this life history parameter for stone crabs in Tampa Bay. A conclusion with 
implications of this magnitude should not be extended fisheries wide. Tampa Bay, while within the fished 
range of the stone crab stock, contributes only a small percentage (< 20%) to the Florida landings and 
does not reflect the estimates of fecundity found in different geographic regions.  
Using data from only one region of the fished stock risks overestimation or underestimation of 
reproductive output. For example, using the predictive equation of Bert et al. (2016), the fecundity of a 70 
mm crab during August was estimated to be approximately 217,845 eggs. In contrast the estimates from 
the model of the present study that incorporated fishery-wide data, indicate that the fecundity of a 70 mm 
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crab during August is approximately 255,761 in Tampa Bay, 245,487 eggs in Pavilion Key, and 189,094 
eggs in the baseline locations of Sawyer Key and Cedar Key. Fecundity is an important aspect of fisheries 
management and stock assessment modeling (Tully et al. 2001) that determines reproductive potential and 
output of a fished stock. Differences in fecundity by latitude or geographic region are known to occur in 
crustaceans (Annala and Bycroft 1987; Lardies and Wehrtmann 2001; Hjelset et al. 2012;). Thus, it is 
important to derive fecundity estimates from the entire range of the fished stock in Florida.  
Batch fecundity was influenced by spatial and temporal factors. Parameter estimates of the model 
developed in this study indicate that batch fecundity is influenced both by region and years and months. 
There was discernable difference in fecundity between years and months. This pattern is not surprising 
given the well-documented association between fecundity and seasonality in many crustacean species 
(Lardies and Castilla 2001; Lardies and Wehrtmann 2001; Antonio et al. 2003; Cardoso and Defeo 2003; 
Bert et al. 2016).  In this study temperature corresponded with seasonality, with highest temperatures 
occurring in the summer months of both years and lowest temperatures occurring in the winter months 
(Figure 4.7). In addition to temporal differences, there was also a discernable difference in fecundity 
among locations.  Batch fecundity was 1.35 times higher at Pavilion Key and 1.30 times higher at Tampa 
Bay relative to the baselines Cedar Key and Sawyer Key. The differences in fecundity between locations 
is likely a result of complex interactions and not driven specifically by latitude, temperature, or primary 
productivity alone. When present, latitudinal differences in crustacean fecundity are attributed to 
temperature clines, resulting in a trade-off between egg size and numbers of eggs (Lardies and Castilla 
2001; Lardies and Wehrtmann 2001; Antonio et al. 2003). If this were true for stone crabs the fecundity at 
the northernmost site, Cedar Key, would not be statistically similar to the most southern site, Sawyer Key. 
Both Cedar Key and Sawyer Key had statistically lower fecundity than Pavilion Key and Tampa Bay, 
which occur between the two sites, leading to the conclusion that latitude alone does not dictate potential 
fecundity in stone crabs.   
In addition to geographic region, there are discernible differences in habitat throughout the west 
coast of Florida (Continental Shelf Associates et al. 1991; Hine et al. 2003; Kingon 2013). Habitat type 
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dictates the quality and quantity of benthic food sources, carrying capacity, population density of 
individuals, and stresses from predators, all of which influence the health of spawning females and, in 
turn, the quality and quantity of eggs produced (Annala and Bycroft 1987; Dugan et al. 1991; Lardies and 
Castilla 2001; Lardies and Wehrtmann 2001; Bas et al. 2007; Hjelset et al. 2012; Griffen 2014; Belgrad 
and Griffen 2016).  Although differences in sea floor habitat among the sampled sites were not directly 
observed for this study, habitat within and among each location may have varied and impacted the quality 
and quantity of food, and in turn fecundity. Griffen (2014) demonstrated that long-term and short-term 
variation in diet was responsible, in part, for variation in fecundity. Fecundity was greater when the diet 
consisted of animal protein and was not influenced by consumption of algae (Griffen 2014). The primary 
prey item of stone crabs are gastropods and bivalves, but like many crustaceans they supplement their diet 
with plant protein when necessary (Bender 1971; Brown et al. 1979; Griffen 2014). Prey variation and 
availability can be a result of specialization, competition, and natural and anthropogenic environmental 
changes that directly impact fecundity (Griffen 2014). We examined chlorophyll-a concentrations to 
determine if potentially higher phytoplankton food availability, may correlate with increased batch 
fecundity. However, there does not appear to be a direct relationship to this measure of phytoplankton 
biomass and batch fecundity.  If increased chlorophyll biomass translates to increased food availability, it 
would be expected that the locations with the highest ocean color (Cedar Key) would yield the highest 
batch fecundity (Figure 4.8). Although the Cedar Key region usually had higher mean monthly 
chlorophyll-a concentrations, it also had a lower batch fecundity compared to both Tampa Bay and 
Pavilion Key. Productivity may play a role in fecundity, but other factors, not examined in this study may 
play a larger or confounding role.  Fishing harvest also decreases the density of the harvested species, 
thereby increasing prey density, which could result in a compensatory increase in fecundity (Pollock 
1995; DeMartini et al. 2003). De Martini (2003) suggests that catch-per-unit-effort is a suitable 
representation of species density. Catch data and continued monitoring of fecundity at these locations 
would provide a basis for determining how fishing mortality impacted density and, subsequently, 
reproductive output.   
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 The findings in this study have implications and applications that extend beyond the exploration 
of evolutionary and biological processes of stone crabs. Reproductive output is crucial for understanding 
population dynamics (Annala and Bycroft 1987), and a necessary component of fisheries assessment and 
management (Trippel 1999; Tully et al. 2001; Gudrun and Gavin 2002; Fitzhugh et al. 2012; Swiney et al. 
2012). Incorrect assumptions of these reproductive traits may skew productivity estimates and limit stock 
assessment capabilities. Fitzhugh et al. (2012) demonstrated that sources of error in batch fecundity 
estimates directly impact estimates of spawning stock biomass, recruitment indices, and modeling of 
spawner-recruit relationships. The observed regional variation in fecundity in this study indicates that the 
size-specific fecundity of females in the southern and northern regions are lower than the central regions. 
Therefore, the central regions of Tampa Bay to Pavilion Key may be critical spawning areas crucial to the 
reproductive output and resiliency of the stone crab population.  Reduced size-specific fecundity 
combined with latitudinal variation in spawning season length, and variable spawning biomass, may 
cause fewer eggs to be produced in the northern and southern regions of Florida, resulting in decreased 
larval recruitment in those areas or those areas may rely on larvae disbursed from the central regions 
(Green et al. 2014). While the transport pathways and rates of stone crab larvae from spawning areas is 
unknown at this time, the complex nature of tidal currents, wind direction, geostrophic flow, diel vertical 
migration, and selective tidal stream transport dictate nursery recruitment (Criales 2015). Therefore, 
larval recruitment and subsequently population abundance in one region may be facilitated by spawning 
in another.   
Fishery harvest and mortality due to declawing crabs may also affect the stone crab’s variable 
reproductive potential (Duermit et al. 2015; Gandy et al. 2016). Sixty percent of stone crab landings are 
reported from south Florida (Collier to Monroe counties). This indicates that sixty percent of the fully-
exploited Florida stone crab population is present in this region. Despite a large population and a 
protracted spawning season (May – November vs. June – October elsewhere) (McRae 1950; Bender 
1971; Rosa et al. 2004; Gerhart and Bert 2008), the large fishery harvest and mortality associated with 
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declawing in seasonally high temperatures, may negatively affect spawning females and their 
reproductive output in this region.  
Given the variability in fishing practices, and the reproductive potential in stone crabs, we suggest 
that further work be dedicated to identifying critical spawning and recruitment areas. Management 
protection of the reproductive stock and critical recruitment areas may provide a level of resiliency in the 
stone crab population. Resiliency of the population in times of environmental and harvest fluctuations 
will ensure that the population can persist and contribute to future landings. To fully understand the 
variability in reproductive potential and how this variability influences the dynamics of the stone crab 
population, we must continue to explore the influences of regional environmental and ecological 
processes, fishery practices, stock-recruitment relationships, and larval distribution. The elucidation of 
these dynamics will allow for a comprehensive assessment of stone crab life history traits and the stone 
crab population response to exploitation and anthropogenic environmental changes, thus allowing for 
more effective management of the stone crab fishery.   
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Tables 
 
 Table 4.1 Fixed effects, number of parameters (K), AICc, ΔAICc, and model weights (w) for the candidate set of negative 
binomial regression models relating Carapace Width, Location* (SK, TB, and PK), and Month/Year effects to stone crab batch 
fecundity. Modeling proceeded in a step-wise fashion: A involved identifying the best approximating model of temporal effects; 
B used the best-approximating model from A to assess relative support for the inclusion of Carapace Width, Location, and 
Month/Year; and C used the best approximating model from B to assess support for the inclusion of specific locations. SK, 
Sawyer Key; TB, Tampa Bay; PK, Pavilion Key.  
Fixed Effects                 K     AICc    ΔAICc w 
A. Temporal effects assessment     
Intercept, Carapace Width, SK, TB, PK, Month/Year 25 15673.62 0.00 1.00 
Intercept, Carapace Width, SK, TB, PK, Month, Year 18 15731.47 57.84 0.00 
     
B. Main Effects assessment given best-approximating model in A      
Intercept, Carapace Width, SK, TB, PK, Month/Year 25 15673.62 0.00 1.00 
Intercept, Carapace Width, Month/Year 22 15722.02 48.39 0.00 
Intercept, SK, TB, PK, Month/Year 24 16002.99 329.36 0.00 
Intercept, Month/Year 21 16033.38 359.76 0.00 
      
C. Location effects assessment given best-approximating model in B      
Intercept, Carapace Width, TB, PK, Month/Year 24 15672.39 0.00 0.65 
Intercept, Carapace Width, SK, TB, PK, Month/Year 25 15673.62 1.24 0.35 
Intercept, Carapace Width, SK, TB, Month/Year 24 15698.41 26.02 0.00 
Intercept, Carapace Width, TB, Month/Year 23 15700.80 28.41 0.00 
Intercept, Carapace Width, SK, PK, Month/Year 24 15709.77 37.38 0.00 
Intercept, Carapace Width, SK, Month/Year 23 15711.22 38.83 0.00 
Intercept, Carapace Width, PK, Month/Year 23 15715.48 43.09 0.00 
*Location Cedar Key (CK) served as a baseline for comparison in all models. 
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Table 4.2 Fixed effects, number of parameters (K), AICc, ΔAICc, and model weights (w) for the candidate set of 
negative binomial regression models relating Carapace Width, Location, Egg diameter, and Month/Year effects 
to stone crab batch fecundity on a reduced number of samples.  
Fixed Effects K AICc ΔAICc w 
Intercept, Carapace width, SK, Month/Year 23 10799.7 0.00 0.31 
Intercept, Carapace width, SK, TB, Month/Year 24 10801.3 1.61 0.14 
Intercept, Carapace width, SK, TB, PK, Month/Year 25 10801.4 1.76 0.13 
Intercept, Carapace width, SK, PK, Month/Year 24 10801.7 1.97 0.12 
Intercept, Carapace width, SK, Egg Diameter, Month/Year 24 10801.8 2.13 0.11 
Intercept, Carapace width, SK, TB, PK, Egg Diameter, Month/Year 26 10803.4 3.69 0.05 
Intercept, Carapace width, SK, TB, Egg Diameter, Month/Year 25 10803.4 3.74 0.05 
Intercept, Carapace width, TB, PK, Month/Year 24 10803.5 3.83 0.05 
Intercept, Carapace width, SK, PK, Egg Diameter, Month/Year 25 10803.8 4.08 0.04 
Intercept, Carapace width, TB, PK, Egg Diameter, Month/Year 25 10805.4 5.72 0.02 
Intercept, Carapace width, TB, Month/Year 23 10813.5 13.78 0.00 
Intercept, Carapace width, PK, Month/Year 23 10814.9 15.20 0.00 
Intercept, Carapace width, TB, Egg Diameter, Month/Year 24 10815.7 16.03 0.00 
Intercept, Carapace width, PK, Egg Diameter, Month/Year 24 10817.1 17.43 0.00 
*Location CK served as a baseline for comparison in all models        
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Table 4.3. Carapace width of female crabs sampled during 2013 – 2015; number (N), median, and 
range of carapace widths for each site. 
Location N Median Minimum Maximum 
Cedar Key (CK) 140 75.8 42.1 98.3 
Tampa Bay (TB) 196 78 49.1 103.9 
Pavilion Key (PK) 136 79.9 40.9 108 
Sawyer Key (SK) 134 85.5 69 111.5 
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Table 4.4. Number (N) of female crabs sampled, measured mean batch fecundity estimates (number of eggs), 
range, and standard deviation (SD) of batch fecundity estimates across all size classes and locations. 
Location Size Class N Mean  Minimum Maximum SD 
CK 
40 1 40438 40438 40438  
50 7 74233 25189 148348 53117 
60 29 126174 29500 264760 81761 
70 46 173827 36035 491664 114538 
80 43 253908 37171 606585 155415 
90 14 329968 116037 710985 192672 
TB 
40 4 83830 73180 91427 8479 
50 9 103625 30108 169639 53337 
60 39 183076 23727 397490 81956 
70 54 240682 11554 492123 114675 
80 65 341639 71165 667407 141555 
90 23 427686 119873 659542 147069 
100 2 663757 589696 737818 104738 
PK 
40 3 63782 44679 74292 16571 
50 14 122925 12922 171974 45312 
60 15 192400 51376 315598 78521 
70 36 279516 42111 528851 96471 
80 42 350762 86000 632593 150009 
90 23 438076 169621 658461 148401 
100 2 603070 506456 699683 136632 
SK 
60 4 117301 27231 221674 79833 
70 36 225286 33966 649687 124646 
80 49 271909 16757 859450 149191 
90 36 348307 79185 643348 155203 
100 5 441830 107671 71372 224390 
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Table 4.5. Number (N) of egg diameters measured, median diameter (µm), and range of diameters for 
each location 
Location N Median Minimum Maximum 
Cedar Key (CK) 66 0.35 0.31 0.56 
Tampa Bay (TB) 150 0.35 0.29 0.55 
Pavilion Key (PK) 101 0.35 0.31 0.42 
Sawyer Key (SK) 96 0.35 0.31 0.56 
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Table 4.6. Tampa Bay mean batch fecundity (number of eggs per clutch) 
for different female size classes from the present study and from Bert et 
al. (2016). Number (N), standard deviation (SD). 
 
 Bert et al. (2016) Present study 
Size Class (mm) Mean SD N Mean SD N 
40 64051 17936 2 83830 8479 4 
50 99577 38159 16 103624 53336 9 
60 178542 80384 30 183075 81955 39 
70 278816 100634 58 240681 114675 54 
80 376071 116800 94 341638 141555 65 
90 438205 132978 88 427686 147069 23 
100 522031 168089 35 663757 104738 2 
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Table 4.7. Parameter estimates of batch fecundity, standard errors (SE), lower and upper 95% confidence limits, and 
rate ratios (RR) from the best- approximating negative binomial regression model relating Carapace width, 
Location*, and Month/Year** effects to stone crab batch fecundity. The parameter estimates are expressed on the 
log scale and are back transformed (i.e., inverse log) to estimate batch fecundity (e8.947 + 0.035*CW+ location + Month/year). 
 
Parameter            Estimate                   SE                   Lower            Upper RR 
Intercept 8.947 0.163 8.628 9.267  
Carapace Width 0.035 0.002 0.032 0.038 1.036 
TB 0.302 0.044 0.215 0.388 1.352 
PK 0.261 0.047 0.168 0.353 1.298 
May 2013 -0.418 0.118 -0.650 -0.186 0.659 
June 2013 -0.164 0.106 -0.371 0.043 0.849 
July 2013 0.658 0.107 0.449 0.867 1.931 
August 2013 0.753 0.111 0.535 0.971 2.124 
September 2013 0.627 0.114 0.404 0.850 1.872 
October 2013 0.733 0.161 0.418 1.048 2.081 
December 2013 0.640 0.268 0.114 1.165 1.896 
February 2014 0.519 0.147 0.230 0.807 1.680 
March 2014 0.464 0.132 0.206 0.722 1.591 
April 2014 0.512 0.108 0.301 0.724 1.669 
May 2014 0.396 0.113 0.174 0.618 1.486 
June 2014 0.715 0.120 0.480 0.949 2.044 
July 2014 0.848 0.111 0.630 1.065 2.334 
August 2014 0.785 0.116 0.556 1.013 2.191 
September 2014 0.708 0.110 0.493 0.923 2.030 
October 2014 0.714 0.216 0.291 1.137 2.042 
January 2015 0.016 0.268 -0.508 0.541 1.016 
February 2015 0.488 0.158 0.178 0.799 1.630 
March 2015 0.716 0.126 0.469 0.963 2.046 
*CK and SK served as the statistical baseline for Location effects  
**April 2013 served as the statistical baseline for Month/Year effects 
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Figures 
 
Figure 4.1 Selection of Florida Fish and Wildlife Stone Crab Independent Monitoring Program  
Sampling locations 
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Figure 4.2 Measured stone crab egg diameters in freshly extruded egg masses across all sizes (carapace 
widths) of females (n = 417). 
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Figure 4.3.  Measured monthly egg diameters across all months, combined for all years. Since ovigerous 
crabs were not present in field sampling in November, no egg diameter measurements were collected. 
Solid line represents median egg diameter. 
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Figure 4.4 Measured stone crab batch fecundity across egg diameters. 
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Figure 4.5 Expected batch fecundity (number of eggs) by carapace width for crabs from Tampa 
Bay (solid line), Pavilion Key (dashed line), and Cedar Key & Sawyer Key (dotted line) during 
August 2013, corresponding to the peak spawning season.  Sawyer Key was not significantly 
different from the baseline, Cedar Key, therefore, the model grouped these locations as the baseline 
for parameter estimates. 
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Figure 4.6 Modeled expected batch fecundity (number of eggs) of the average female carapace 
width (79 mm) for all month/year combinations at Tampa Bay (squares), Pavilion Key (circles), 
and Cedar Key and Sawyer Key (triangles). 
 
 
 
 
 
 
 
 
 
 
 
0
50
100
150
200
250
300
350
400
A
pr
-1
3
M
ay
-1
3
Ju
n-
13
Ju
l-
13
A
ug
-1
3
S
ep
-1
3
O
ct
-1
3
N
ov
-1
3
D
ec
-1
3
Ja
n-
14
F
eb
-1
4
M
ar
-1
4
A
pr
-1
4
M
ay
-1
4
Ju
n-
14
Ju
l-
14
A
ug
-1
4
S
ep
-1
4
O
ct
-1
4
N
ov
-1
4
D
ec
-1
4
Ja
n-
15
F
eb
-1
5
M
ar
-1
5
E
xp
ec
te
d 
ba
tc
h 
fe
cu
nd
it
y 
(t
ho
us
an
ds
)
Month/Year
 83 
 
 
 
 
Figure 4.7.  Mean monthly in situ bottom seawater temperatures. For analysis, monthly 
temperature readings were averaged across the four locations represented in this study. Tampa 
Bay (squares), Pavilion Key (circles), and Cedar Key (triangles), and Sawyer Key (solid line). 
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Figure 4.8 Mean monthly chlorophyll-a concentrations (mg m-3) near the Tampa Bay, Sawyer 
Key, and Cedar Key sampling sites. No data available for Pavilion Key. 
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CHAPTER FIVE 
 
Evaluation of Florida stone crab life history and management scenarios  
using spawning potential ratios  
 
 
 
Introduction 
  
 The United States stone crab fishery occurs primarily in the Gulf of Mexico along the west coast 
of Florida (Gandy et al. 2016).  This fishery is unique in that it removes the claws and releases the crab 
back into the environment, where the crabs have long been presumed to survive, based on the presence of 
regenerated claws in the fishery catch (Savage et al. 1975). Three decades of comprehensive commercial 
harvest data describe a fishery with a rapid expansion in effort, market value, and landings, followed by a 
peak and subsequent decline (Muller et al. 2011). Stone crab claw landings have demonstrated two 
distinct trajectories. From 1986 - 2001 landings fluctuated, but increased with time. Landings averaged 
998 metric tonnes per season, with a maximum of 1,633 metric tonnes per season (Figure 5.1). From 
2001-2015 there was a negative trend over time, characterized by high interannual variability, ranging 
from 861 -  to 1588 metric tonnes (Figure 5.1). Despite declining supply, the revenue has remained high, 
generating its highest value of $31.5 million (USD) in 2015. High market value has enabled the industry 
to remain profitable, thereby increasing fishing pressure and causing declines in catch per unit effort 
(CPUE) over time. The combination of fishing pressure, market value, and product demand have resulted 
in two decades of overexploitation in the stone crab fishery (Muller et al. 2011).  
The resiliency of the stone crab population to intense fishing pressure and its ability to sustain 
high demand is of great concern. Current stock assessment capabilities are limited to effort-based 
assessments using Surplus Production and DeLury depletion models. Attempts at more sophisticated 
assessment models for stone crabs have been unsuccessful due to the unique fishery practice of declawing 
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and returning the crabs to the water where they may survive. This prevents an accurate accounting of 
catch and mortality rates from fisheries landings. One or two claws can be harvested from an individual 
provided the claws are of legal size (> 70 mm propodus length), which further complicates efforts to 
translate the pounds of claws landed to the number of crabs that were declawed. In theory, a legal crab 
that has been declawed by the fishery has a chance to regenerate the lost limb and contribute to the fishery 
2 - 3 years later, once the claw has re-grown to harvestable size.  
The only research incorporating biological information to assess the stone crab stock was 
Restrepo (1989). Restrepo (1989) developed an equilibrium yield per recruit model to investigate trends 
in levels of yield, value, and eggs per recruit. These analyses showed the potential for minimal increases 
in per recruit gains. However, there was significant uncertainty in the model surrounding estimates of 
natural and fishing declaw mortality. In resorting to simplified DeLury and Surplus Production methods, 
the models presently used by management ignore the critical biological and life history attributes of stone 
crabs that affect the sustainability of the population and fishery.  
The overall declining trend in landings and significant volatility in the most recent 15 years of 
stone crab landings has led the Florida Fish and Wildlife Research Institute (FWRI) Stone Crab Fishery 
Independent Monitoring (SCFIM) program to examine key biological processes and fishery practices that 
influence stock dynamics with an ultimate goal of developing studies to support population assessments.  
To date, ongoing research has improved the estimates of size at maturation (Chapter 2 and 3), 
reproductive output, (Chapter 4) and fishery-induced release mortality (Gandy et al. 2016) as part of the 
SCFIM program. In Chapter 2 and Chapter 3, histology investigations showed that size at sexual 
maturation in both males and females was 20 - 30 mm smaller than previously estimated. Histological 
evidence of spawning in females, and the production of spermatophores in males revealed that maturation 
occurs at 47 mm and 35 mm, respectively. The fishery-wide assessment of reproductive output found that 
fecundity varies with geographic location, and the estimates of one area may not be reflective of the entire 
stock (Chapter 4). In addition to the improvement of these reproductive indices, Gandy et al. (2016) 
estimated mortality in legal crabs that were declawed and released during the fishing season as a function 
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of water temperature, number of claws removed, and break severity. The authors found that mortality 
incurred by the harvest of claws was mediated by temperature, and reached up to 82% mortality resulting 
in very few declawed crabs surviving to return to the fishery (Gandy et al. 2016).  
These recent improvements in biological and mortality estimates motivated the development of a 
model capable of incorporating this new information to produce biological reference points (BRPs) for 
stone crabs. The most common biological reference points are based on fishing mortality targets and 
minimum stock biomass levels (Collie and Gislason 2001). Fishing mortality reference points are 
theoretically based on production, yield per recruit, and spawning stock biomass per recruit (Collie and 
Gislason 2001), all of which can be used to evaluate the effectiveness of fishery practices and guide 
fishery management decisions (Sissenwine and Shepherd 1987). A widely-used reference point is the 
spawning stock biomass per recruit or spawning potential ratio (SPR) (Mace 1994). The spawning 
potential ratio, developed by (Goodyear 1993), assesses the extent to which fishing mortality has reduced 
the potential reproductive output of a population compared to the reproductive output of an unfished 
population (Coggins et al. 2007). Among invertebrate fisheries, the recommended reference point varies 
and ranges from SPR of 10% for American lobsters (Anonymous 1993) to 30% in California spiny 
lobsters (Coates et al. 2016). Mace (1994) suggests a target SPR of 40% for data poor fisheries, especially 
when the stock-recruitment relationship is unknown.  
The current study incorporates the newly determined size at sexual maturity, fecundity, and 
declaw mortality into an equilibrium per recruit model and evaluates the potential reproductive output of 
the Florida stone crab fishery stock. This new model has the potential to effectively shift Florida’s stock 
assessments from economic and effort-based assessment to one that produces biological reference points 
and can be used to more effectively evaluate management options, such as size limits and seasonal 
closures. This study sought to evaluate how changes in size at sexual maturity, minimum legal claw sizes, 
vulnerability to capture, and estimates of natural mortality influenced the spawning potential of the stone 
crab stock.  Newly obtained estimates of size at sexual maturation, fecundity, and temperature-dependent 
mortality associated with fishery declawing improved upon outdated assumptions of biological processes 
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and fishery mortality. Several management scenarios were tested to determine the influence of minimum 
length at declaw, size at capture, and seasonal duration. 
 
Methods 
Data Sources 
 The FWRI Stone Crab Fishery Independent Monitoring (SCFIM) Program has collected Florida 
stone crab fishery data since 1989 in Tampa Bay, and since February 2006, in Steinhatchee, Cedar Key, 
Homosassa, Pavilion Key, Oxfoot Bank, Sawyer Key, and Harbor Key. At each location, twenty 
commercial crab traps are baited with mullet (Mugil cephalus), deployed, and serviced bimonthly. Stone 
crab catch composition, carapace width, claw lengths, and presence of fertilized sponge are recorded. 
These datasets were used to determine morphometric conversions, growth, molting, and the probability of 
capture and declaw functions in the model.  
 
Model Description 
 
A monthly size- and age-structured equilibrium per recruit model that simulates the life of a 
female crab ages 0 - 8, using Microsoft Excel (Microsoft 2013), was developed. The model includes a 
discrete growth schedule, reproduction, natural mortality, size-based capture and declaw vulnerabilities, 
and temperature-dependent discard mortality functions (Figure 5.2, Figure 5.3). The model was used to 
evaluate management scenarios, and sensitivity of SPR to assumptions of size at sexual maturity, size at 
capture, and natural mortality. The present model was developed primarily to evaluate the impacts on 
female spawning biomass, however, to incorporate the findings of Chapter 3 on size at maturity in males, 
the male contribution to the spawning stock using male growth rates, was also assessed. Key life history 
parameters and equations were collected from previous chapters, and published literature (Table 5.1 and 
Table 5.2).  
The model simulated growth using discrete growth functions that were dependent on size and 
age. Juveniles having a carapace width (CW) < 20 mm grew linearly as a function of age (days) as 
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determined by Krimsky and Epifanio (2010). Crabs greater than 20 mm CW molted based on the size-
specific timing determined by Gerhart and Bert (2008), and increased in size based on the Hiatt growth 
curved developed by Restrepo (1989).  Body weight (W) and sex-specific claw lengths were estimated as 
a function of carapace width, based on the field data obtained from the SCFIM program, using 
exponential and linear models respectively.  Claw length was described as a function of carapace width 
separately for both the crusher claw (CL) and the pincer claw (PL). The crusher claw of the stone crab is 
always larger than the pincer, and both claws are capable of regeneration after loss. These data represent 
only non-regenerated claw lengths (SCFIM data). 
Contribution to the spawning stock was determined by the proportion of mature individuals in 
each monthly age class (ma), fecundity at age (fa), and the proportion of individuals spawning each month 
(Ps). The proportion of individuals that mature across ages was modeled as a logistic relationship with 
carapace width, based on findings of Chapter 2. The proportion of individuals spawning per month was 
based on catch of ovigerous females (SCFIM data). Spawning occurs primarily from May to October, 
with a small proportion each month contributing during the rest of the year. Size-specific batch fecundity 
(number of eggs per clutch) was modeled based on the predictive equations determined in Chapter 3. 
Stone crabs are capable of producing multiple clutches during the spawning season.  Cheung (1969) 
estimated females produced 4.5 batches per year. To arrive at a monthly estimate of eggs produced, the 
total fecundity was divided by 6 (Figure 5.2).  
Natural mortality (M) in the stone crab population was previously estimated as 0.35 per year, 
based on the maximum age estimates (Restrepo 1989; Gerhart and Bert 2008). The most recent stock 
assessments use a constant rate of 0.35 and 0.55 per year (Muller 2011). In this model, natural mortality 
was estimated as a function of weight-at-age (Ma), based on Lorenzen (1996), which assumes that natural 
mortality decreases with increases in weight (Table 5.2, Figure 5.2, Figure 5.3). Following Brodziak 
(2011), the Lorenzen curve was then rescaled to the average mortality rate of the vulnerable age classes 
(Table 5.2). These weight based approximations have been successfully applied to modeling blue crab 
natural mortality in Chesapeake Bay (Hewitt 2007). The sensitivity of the spawning potential ratios to 
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natural mortality estimates were examined by using different values of the target natural mortality 
(Mtarget), 0.25, 0.35, 0.45 ,0.55, 0.65. 
Stone crabs first interact with the fishery at a small size. Traps are designed to target large males 
(Restrepo 1989; Gerhart and Bert 2008; Pardo et al. 2013), yet small crabs are attracted to the traps and 
cannot escape because present regulations do not require escape panels. The probability of capture (vc(a)) 
was modeled as a logistic equation (SCFIM data). Crabs that are captured and possess one claw of legal 
size (> 70 mm) (v1(a)) or two claws of legal size (v2(a)) are susceptible to fishery harvest. To account for 
disproportionate growth between the crusher and pincer claws, the probability of declaw was modeled as 
one claw or two claw harvest.  Both vulnerabilities were modeled as logistic equations.   
The model assumes that a crab is exposed to three types of sequential fishing mortalities, 
including capture, exposure to 1-declaw, and exposure to 2-declaws.  Individuals with sub-legal claws 
that survive capture are then exposed to 1-declaw, and those that survive the first declaw are exposed to a 
second declaw event where both claws are removed. This is modeled as a one-way process and does not 
include movement between mortality stages. It is also assumed that secondary recruitment to the fishery 
from claw regeneration is not occurring. Recent studies show that high declaw mortality may be the 
reason that less than 14% of harvested claws are regenerated (Gandy et al. 2016).  Analysis of regenerated 
claws in statewide SCFIM data reveals 13.9 % of claws < 70 mm are regenerated, indicating that it is 
natural claw loss and not fishery related. Regenerated claws > 70 mm make up 6.2 % of claws. If crabs 
are capable of regenerating claws and contributing to the fishery multiple times, we would expect that the 
percentage of regenerated claws, at a minimum, to increase slightly after fishery exposure. In this case, it 
appears that once crabs are exposed to the fishery they are either 1) not surviving or 2) not regenerating 
claws. Theses crabs may not be subject to multiple declawing events, but may still contribute to the 
spawning stock biomass.  
The predicted discard mortalities for capture (Dc) (Equation 1), 1-claw removal (D1) (Equation 2), 
and 2-claw removal (D2) (Equation 3) were based on the findings of Gandy et al. (2016) and modeled 
using a logistic equation that accounted for the number of claws removed and temperature (Figure 5.2F). 
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Gandy et al (2016) determined the probability of mortality using binomial generalized linear mixed 
models of captured crabs and declawed crabs as a function of temperature (T).  
 
 
𝐷𝑐 =  
1
1 + 𝑒−(0.246𝑇−7.432) ⁄
                                                                                            Equation 1 
  
𝐷1 =  
1
1 + 𝑒−(0.274𝑇−6.65) ⁄
                                                                                             Equation 2 
  
𝐷2 =  
1
1 + 𝑒−(0.274𝑇−6.65+0.817) ⁄
                                                                                          Equation 3 
 
The temperature-dependent predicted mortality equations of Gandy et al. (2016) were modeled 
using bottom seawater temperature readings that were collected bimonthly at SCFIM sites with a YSI 650 
MDS multi-parameter display system (YSI Inc., Yellow Springs, Ohio). Mean monthly temperature (T) 
was calculated by averaging bimonthly readings from Tampa Bay, Cedar Key, Sawyer Key, and Pavilion 
Key for the years 2005 - 2015.   
Survivorship at age (la) (Equation 4) was estimated for each age in months and calculated as a 
function of the proportion of crabs in the previous month and total instantaneous mortality (Za) (Equation 
5).  
 
𝑙1 = 1,  𝑙𝑎 =  𝑙𝑎−1𝑒
−𝑍𝑎                                                                                                     Equation 4 
 
𝑍𝑎 =  𝑀𝑎 +  𝐹𝑎                                                                                                                   Equation 5 
 
 
In the unfished population, Za is equal to Ma.  Survivorship of the fished population required several 
components to accommodate the proportion of fishing occurring each month (Pf), and the predicted 
fishing mortality associated with capture (Fc), 1-declaw (F1), and 2-declaws (F2). It is assumed that Pf in 
each month was equal to the proportion of days that the season is open each month (October 15th - May 
15th).  Fishing mortality for each scenario of capture or declaw is a function of the global harvest rate (H), 
proportion of fishing occurring each month, the probability of capture or declaw, and the associated 
predicted mortality of each scenario. Fishing mortality of captured individuals (Equation 6) accounted for 
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mortality associated with capture alone, and was applied to crabs that were not susceptible to declaw.  
Fishing mortality associated with 1-declaw (Equation 7) accounted for individuals vulnerable to 1-declaw 
less the captured individuals. Fishing mortality associated with 2-declaw (Equation 8) accounted for 
individuals vulnerable to 2-declaw, less the 1-declaw, and captured individuals.   
 
𝐹𝑐(𝑎) = 𝐻 ∙ 𝑃𝑓(𝑎) ∙ (𝑉𝑐(𝑎) − 𝑉1(𝑎)) ∙ 𝐷𝑐(𝑎)                                                                          Equation 6 
  
𝐹1(𝑎) = 𝐻 ∙ 𝑃𝑓(𝑎) ∙ (𝑉1(𝑎) − 𝑉2(𝑎)) ∙ 𝐷1(𝑎)                                                                          Equation 7 
 
𝐹2(𝑎) = 𝐻 ∙ 𝑃𝑓(𝑎) ∙ 𝑉2(𝑎) ∙ 𝐷2(𝑎)                                                                                                    Equation 8 
  
𝐹𝑎 = ∑ 𝐹𝑐(𝑎) ∙  𝐹1(𝑎) ∙  𝐹2(𝑎)                                                                                               Equation 9 
 
Total instantaneous fishing mortality (F) was calculated for each monthly age class as the sum of 
the probability of capture, 1-declaw mortality, and 2-declaw mortality occurring in each time step 
(Equation 9).  
  Spawning Potential Ratio (SPR), developed by Goodyear (1993), was used as a biological 
reference point to assess recruitment overfishing. The target SPR was set at > 0.4 (Mace 1994), where 
values below 0.4 indicate recruitment overfishing. The SPR is calculated as the ratio of spawning stock 
biomass per recruit of the theoretical unfished population (SSBunf) to spawning stock biomass per recruit 
of the fished population (SSBfish). The spawning stock biomass was calculated by summing across ages, 
the product of weight at age and proportion at age that are mature and spawning, and the survivorship of 
the unfished (Equation 10) or fished population (Equation 11). The spawning potential ratio was then 
calculated as the SSB of the fished population divided by the SSB of the unfished population (Equation 
12). 
 
   𝑆𝑆𝐵𝑢𝑛𝑓 =  ∑ 𝑊𝑎 ∙
𝑎𝑚𝑎𝑥
𝑎=1 𝑚𝑎 ∙ 𝑃𝑆 ∙ 𝑙0(𝑎)                                                                             Equation 10 
 
 𝑆𝑆𝐵𝑓𝑖𝑠ℎ =  ∑ 𝑊𝑎 ∙
𝑎𝑚𝑎𝑥
𝑎=1 𝑚𝑎 ∙ 𝑃𝑆 ∙ 𝑙𝑓(𝑎)                                                                             Equation 11 
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𝑆𝑃𝑅 =  
𝑆𝑆𝐵𝑓𝑖𝑠ℎ
𝑆𝑆𝐵𝑢𝑛𝑓
                                                                                                                          Equation 12 
 
Baseline Scenario 
 The baseline scenario includes life history and fishery parameters that represent current 
regulations and scientific findings. Size at maturity inputs were 47 mm and 42 mm, for males and 
females, respectively (Chapter 2 & 3). Monthly fecundity estimates were based on the predictive 
equations developed in Chapter 4. Natural mortality was modeled as a function of weight (Lorenzen 
1996), with a target mortality of 0.35. Fishing mortality was applied during months based on the current 
fishing season, October 15th – May 15th, to crabs with claw lengths > 70 mm. Trap vulnerability was 
based on a logistic equation representing current trap selectivity patterns, where 50 % vulnerability to 
capture occurs at approximately 50 mm carapace width. 
 
Alternative Life History Scenarios 
Size at maturity – The impact of size (carapace width) at sexual maturity in both the male and 
female models was determined. SPR was examined for multiple sizes at sexual maturity, 47 mm and 65 
mm for females, and 42 mm and 75 mm for males. Harvest rate was kept constant at 0.4. 
Sensitivity to natural mortality – Varying rates of the target natural mortality were modeled to 
examine the differences to the baseline, which was a scaled Lorenzen function of weight. Mtarget examined 
values were 0.25, 0.35, 0.45, 0.55, 0.65, at a constant harvest rate of 0.4. In these simulations, a baseline 
harvest rate of 0.4 was used, based on the 20-year range (0.2 - 0.55) and long term average of fishing 
mortality that has occurred in the Florida stone crab fishery (Muller et al. 2011).  
 
Management Scenarios  
Declaw length – SPR was examined under a range of declaw lengths (60 - 80 mm) and a range of 
harvest rates (0.2 - 0.8), in both the female and male model. 
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Vulnerability to capture – Size at 50 % probability to capture was evaluated, ranging from 40 - 60 
mm. In these simulations, a baseline harvest rate of 0.4 was used, based on the 20-year range (0.2 - 0.55) 
and long term average of fishing mortality that has occurred in the Florida stone crab fishery (Muller et al. 
2011). 
Temperature dependent seasonal closures – Two seasonal closures, reflective of mean monthly 
temperature, were tested against the baseline scenario: 1) season corresponding to temperatures less than 
24° C; November 1st- April 30th and 2) season corresponding to temperatures less than 21° C; December 
1st – March 1st.  
Declaw and capture – Three changes to declaw length and size at 50 % vulnerability to capture 
were compared to the baseline scenario: 1) declaw length of 75 mm, and capture size of 55 mm, 2) 
declaw length of 80 mm, and capture length of 60 mm, and 3) declaw length of 70 mm, and capture size 
of 55 mm.  
Declaw, capture, and seasonal closure – Increased declaw length to 75 mm, and size at capture to 
55 mm, were combined with varying season lengths: 1) current season, 2) November 1st – March 30th, 3) 
November 1st – April 30th, and 4) December 1st – March 1st.  
  
Results 
Baseline Scenario 
 Baseline life history parameters and fishing regulations resulted in a SPR of 0.71 in the female 
population and 0.62 in the male population.  
Alternative Life History Scenarios 
Size at maturity.  Carapace width at sexual maturity influenced SPR for both females and males 
(Figure 5.4). For females, the smaller size at maturity (47 mm) derived from the most recent studies 
(Chapter 2) resulted in an SPR of 0.71. Alternatively, when using previous estimates of size at sexual 
maturity (65 mm), (Gerhart and Bert 2008), the resulting SPR was 0.65. Male growth rates, which exceed 
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that of females, resulted in lower SPR regardless of size at maturity. At a 42 mm (Chapter 3) and 75 mm 
(Gerhart and Bert 2008) size at maturity, the resulting SPR was 0.62 and 0.58, respectively.   
Sensitivity to natural mortality. Spawning potential ratio increased with increased target natural 
mortality (Figure 5.5). When fishing mortality is held constant, a higher natural mortality rate result 
implies that fishing has less of an effect on SPR.  In this model, varying estimates of natural mortality 
within the range considered can impact the SPR by up to 11% in females and 12% in males. A target 
natural mortality below 0.35 resulted in a decreased SPR.  
Management Scenarios 
Declaw length. The female model revealed that the minimum length regulation for declaw (70 
mm) is sufficient to avoid recruitment overfishing (Figure 5.6). Under the range of declaw lengths 
examined, recruitment overfishing is not a concern (i.e. SPR < 40%). Unless harvest mortality exceeds 
0.8/year, it is unlikely that reducing the minimum declaw size would reduce SPR below 50%. Results of 
the male model, reveal a similar pattern (Figure 5.7). Despite no evidence of recruitment overfishing in 
this model, these scenarios do reveal a complex relationship between minimum size at declaw, molting 
schedules, and harvest rates. An increase in the minimum size at declaw (i.e. harvest at larger claw 
length) allows the population to incur more harvest, while maintaining higher spawning potential ratios.    
Size at capture. Size at capture, which is modeled as a logistic function, moderately influences 
SPR (Figure 5.8). The current estimate of the size at 50% vulnerability to capture is 50 mm, and results in 
an SPR of 0.71 in the female population, and 0.62 in the male population. There is no evidence of 
recruitment overfishing occurring at the current capture vulnerability. Increasing vulnerability to capture 
by 5 mm, reduced the SPR. Alternatively increasing the selectivity of the traps and, thereby, size at 
capture, increased the SPR 2% in the female population, but did not have an effect on the male 
population. Capture mortality of individuals prior to fishery recruitment may not be the largest 
contributing factor to reducing reproductive output, but limiting the mortality on crabs that are sublegal 
size may increase the number of crabs available to the fishery.  
 96 
 
Temperature-dependent seasonal closures. Current regulations (October 15th - May 15th, 70 mm 
declaw, 50 mm capture) were compared to scenarios in which the season occurs in months where the 
mean average temperature was below 24º C (i.e., November 1- April 30) or 21º C (i.e., December 1-
March 1) (Table 5.3). When temperatures were below 24º C, there was an increase in SPR of 5% and 7% 
in the female and male populations, respectively. When temperatures were below 21º C, there was an 
increase in SPR of 19% and 24%, respectively.  
Declaw and capture. Adjusting the minimum length of declaw and capture simultaneously 
resulted in moderate changes to the SPR in the male and female populations (Table 5.3). Increasing 
capture size to 55 mm, had no effect on the SPR. Increasing both declaw length and capture size by 5 mm 
increased the SPR by 2% and 8% in the female and male populations, respectively. Increasing both 
declaw and capture size by 10 mm increased the SPR by 7% and 8%, in the female and male populations, 
respectively.   
Declaw, capture, and seasonal closure. Combining changes to season duration and increasing 
both declaw length, and capture size modestly by 5 mm, increased the SPR in both populations (Table 
5.3). A 20%, and 27% increase in the SPR occurred when season is drastically reduced to occur between 
December 1st and March 1st.  A 12%, and 18% increase in the SPR occurred when season ranges from 
November 1st - March 30th, and a 7%, and 14% increase occurred when season ranges from November 1st 
– April 30th.  
Discussion 
 The current study incorporated newly determined size at sexual maturity, and declaw mortality 
into an equilibrium per recruit model and evaluated the potential reproductive output of the Florida stone 
crab fishery stock under alternative biological and management scenarios. The results indicated that size 
at sexual maturity, natural mortality, and size at declaw all influenced SPR, whereas the size at 
vulnerability to capture was less influential. One of the largest contributors to mortality of the spawning 
 97 
 
biomass is the mortality incurred by declawing. Therefore, modest changes to seasonal duration has the 
potential to increase the SPR.  
Calculation of fishing mortality from the claw harvesting process is a unique challenge. Declaw 
mortality is dependent on temperature, wound size, and number of claws removed (Gandy et al. 2016). 
The presence of crabs with regenerated claws in fishery catch, and SCFIM data show little evidence that 
crabs regenerate their claws and return to the fishery (Savage et al. 1975; Simonson and Hochberg 1992; 
Wilber 1995). In this model individuals did not move between mortality exposures, i.e. if a crab was 
exposed to a single declaw, it would not regenerate the claw and later be exposed to a double declaw. 
Future iterations of this model may benefit from exposure to multiple mortalities, to include the 
possibility of regenerated claws being harvested a second time, and exposure to the associated probability 
of mortality. However, it is unlikely that declawed crabs contribute to the fishery a second time after 
being declawed (Savage and Sullivan 1978; Duermit et al. 2015; Gandy et al. 2016). 
There is increasing evidence that assuming constant mortality rates across all size classes may not 
be suitable, and the mortality of smaller, younger individuals is likely higher and decreases as individuals 
grow larger (Hewitt et al. 2007; Charnov et al. 2013). The sensitivity of model output to ranges of natural 
mortality was tested by calculating the SPR with varying targets of natural mortality. The SPR increased 
for each increasing level of natural mortality. The higher levels of natural mortality on younger ages 
resulted in a lower relative impact of fishing mortalities on the spawning biomass, relative to the unfished 
state (Coates et al. 2016). The weight-based estimates of natural mortality resulted in considerable 
mortality on smaller sizes prior to fishing mortality.  The variability of the SPR at different rates of 
natural mortality, emphasize the importance of this life history parameter, and the potential for substantial 
variability in biological reference points.  
Individual reproductive output is an important component of estimating stock production and 
biological reference points, and essential for effective fisheries management (King and McFarlane 2003; 
Midway and Scharf 2012). The size at sexual maturity is an important life history characteristic that 
directly affects the annual and lifetime reproductive output of the stock (Midway and Scharf 2012). The 
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effect of size at sexual maturity for both male and female stone crabs was assessed, using past and present 
estimates of maturity. In females, the smaller age at sexual maturity leads to an increase in lifetime 
reproductive output, as reflected in the SPR. The additional reproductive contribution of the younger size 
classes that are not exposed to declawing may be responsible for persistence of the stone crab population 
and fishery, despite intense fishing pressure. In the male population, there was a slightly smaller 
difference in the SPR when applying different sizes at sexual maturity. Presumably, the faster growth rate 
of males results in fewer chances to contribute to the spawning population prior to fishing mortality being 
applied. Once fishing mortality is applied, males are exposed to much greater mortality than the female 
population.  
When a target biological reference point is not met, it is common for management to respond by 
enacting regulations that limit harvest (Coggins et al. 2007). Length limits are a common management 
tool that operate under the assumption that undersized animals avoid harvest, allowing them to contribute 
to the spawning stock or grow to a larger harvestable size in the future (Coggins et al. 2007). The declaw 
length of 70 mm was mandated to ensure that female stone crabs had the opportunity to spawn prior to 
fishery recruitment (GMFMC 1979). Based on the most recent finding of Chapter 2, females are 
spawning at a smaller size than previously estimated, indicating that females may have the opportunity to 
spawn multiple times before fishery recruitment. In the female population, the SPR was consistently 
above 0.4 for the range of fishing mortalities examined, including the 20-year average stone crab fishing 
mortality. Changing the regulation by reducing the minimum size at declaw (i.e. < 70 mm) may increase 
yield in the stone crab fishery (Restrepo 1989), but negatively impact the smaller spawning females that 
are currently protected under the current size regulation.  The model results strongly suggest that a 
reduction in the minimum claw length would act to decrease potential reproductive output in both the 
female and male populations.  
Changes to declaw length in the Florida stone crab fishery would impact both females and males. 
In this model, current minimum declaw size does not indicate recruitment overfishing under a harvest rate 
of 0.2-0.8. Increasing the minimum declaw size 5 - 10 mm would provide some additional protection for 
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both males and females. However, when fishing mortality exceeds 0.4, as was the case from 1989 - 2002 
(Muller et al. 2011), the SPR decreases 10-20%. The difference of the influence in declaw length on the 
spawning potential ratios between males and females suggests that dimorphic growth rates increase the 
impact of the fishery on male crabs (Savage and Sullivan 1978; Gerhart and Bert 2008; Muller et al. 
2011; Savage and Sullivan 1978). It is common for females to devote energy to reproductive processes 
once sexual maturity is achieved, whereas males contribute less energy to reproductive growth and more 
to somatic growth (Newcombe et al. 1949; Alunno-Bruscia and Sainte-Marie 1993; Hartnoll 2006). The 
faster growth increments of male claw lengths compared to body size (Savage and Sullivan 1978; Gerhart 
and Bert 2008; Muller et al. 2011) makes them more vulnerable to the fishery at a smaller body size than 
females. The fishery further selects for the large, high priced, male claws, with stone crab traps 
specifically designed to target males (Bert 1985; Gerhart and Bert 2008). 
Commercial and recreational stone crab trap regulations are specific to the trap dimensions, 
material, and the inclusion of a degradable panel. The degradable panel is put in place to allow for any 
trapped animal to escape if the trap is detached from the buoy or not removed at the end of the season. 
Presently, there are no regulations that require the inclusion of a cull ring or panel that allows escapement 
of undersize crabs. The lack of this simple device on traps impedes any escape of any undersized animals, 
or those with claw lengths < 70 mm. Gandy et al. (2016) found high mortality (12.8%) associated with 
capture in stone crabs, that could potentially be avoided with the addition of cull rings. Increased survival 
of undersized individuals in trap fisheries using cull rings has been documented in the United States blue 
crab fishery (Guillory and Hein 1998), the Dungeness crab fishery (High 1976), and the spiny lobster 
fishery (Hunt and Lyons 1986). The impact of trap selectivity on the SPR was examined by testing the 
size at 50% vulnerability to capture at a static fishing mortality of 0.4.  At the present estimate of size at 
capture (50 mm carapace width), no recruitment overfishing is occurring. When trap selectivity is 
increased above 60 mm there is a slight difference in SPR of the female population, most likely because 
natural mortality is dominating the mortality in these sizes, rather than the mortality associated with 
capture. Despite only a slight increase in SPR with changes to trap selectivity, the benefits of increased 
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selectivity and decreased mortality in active and lost traps may still carry positive ecological benefits 
beyond protection of the stone crab spawning stock.  
Multiple management scenarios were examined to determine the effect of modest changes to 
season duration, declaw size, and trap selectivity. Under all scenarios tested, the SPR, under current 
regulations, did not indicate that recruitment overfishing was occurring in these theoretical populations. 
The high SPR values are reflective of the high mortality incurred by younger age classes, as determine by 
the Lorenzen natural mortality curve. Thus, the fishing mortality and harvest rate operate on a portion of 
the population with low survivorship, so that differences in spawning potential between the fished and 
unfished stocks are small, leading to higher SPRs. However, it is clear that small changes in regulations 
allow for increase in the SPR and protection of the spawning biomass, which may be necessary given the 
high exploitation rate in the stone crab fishery. Mortality incurred by the fishery through the practice of 
declawing, is much higher than previously estimated, and is strongly mediated by temperature (Gandy et 
al. 2016). When fishing seasons were reduced to reflect when mean monthly temperatures were less than 
21° C, there was a 19% and 24% increase in the female and male SPR, respectively. However, this 
shortened season would not likely be a feasible management change, as it would shorten the season by six 
weeks at both the beginning and end of the season. The reduction of the season to reflect mean monthly 
temperatures below 24° C, increased the SPR by 5% and 10%, respectively, and is a more practical option 
that would reduce the season on average by two weeks at both the beginning and end of the season. 
Alternatively, the seasonal closures could be adapted each year to reflect the current temperatures. This 
would allow for closures that are truly representative of the environmental conditions and the expected 
mortality from declaw. Adaptive closures would also allow for seasonal closures to reflect the regional 
differences in temperature, and in, turn the biological processes of the stone crab. Extension or reduction 
of the closed season would encompass time periods when temperatures remain high in central and 
southern Florida, coinciding with the greatest probability of mortality among all claw break severities 
(Gandy et al. 2016). This period also coincides with the protracted spawning season in southern Florida 
(May – November), where egg-bearing females are susceptible to declaw (Noe 1967; Cheung 1968; 
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Savage and Sullivan 1978; Bert et al. 1986). In this model the extension of seasonal closure, likely 
reduced the impact of declaw mortality on the spawning stock during those four weeks of temperatures 
reaching greater than 24° C, thereby increasing the ratio of the fished to unfished biomass.   
Adjustments to seasonal closures constitute only one option for management changes. This model 
also examined small increases in minimum declaw length in combination with an increase in size at 
capture. Increasing both by 5 mm, resulted in an increase of the SPR in females of 2%, and males by 4%. 
The most substantial change occurred when both declaw length and capture size were each increased by 
10 mm, resulting in a 7% and 8% increase in the female and male SPR. A 10 mm change in size at 50% 
vulnerability, could be achieved with trap modifications, such as the inclusion of a cull ring. The smaller 
individuals would be capable of entering the trap, but would have the opportunity to escape the active or 
abandoned trap. An increase in declaw size of 10 mm equates to 0.4 inches, which would raise the current 
minimum declaw size from 2.75 inches to 3.14 inches. Anecdotal information from commercial Florida 
stone crab fisherman indicates, that modifications to traps by the inclusion of a cull ring would be a 
feasible option that would reduce bycatch and increase efficiency. However, changes in declaw length 
may result in an economic burden. In years of lower landings or population flux, when the presence of 
larger crabs is reduced, the market relies on the harvest and sale of small grade claws (70 - 80 mm) to 
sustain demand. An increase in declaw size of 10 mm would eliminate this grade of claws, thus 
potentially creating socioeconomic hardships for stone crab fishery stakeholders. The final management 
scenarios that were tested included both changes to season length, as well as increases in minimum 
declaw size and size at capture by 5 mm. Results were similar to the examination of temperature 
dependent fishing seasons. The largest increase in SPR resulted from the three-month season duration of 
December 1st – March 1st, and decreased as season duration increased. The most reasonable option that 
increased the SPR, but was mindful of potential impact to long standing fishing culture and 
socioeconomic impact, was a closure from November 1st – April 30th.  
This model successfully incorporated updated reproductive indices and newly estimated 
temperature dependent declaw mortalities to estimate the spawning potential ratio of the Florida stone 
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crab.  This model demonstrated the susceptibility of estimated biological reference points to the input 
parameters of life history estimates and mortality, highlighting the need for continued exploration of any 
changes that may occur within the fished stock. Future iterations of this model may be improved by the 
inclusion of stock recruitment relationships, allowing for incorporation of density-dependent relationships 
between the spawning stock and future recruitment pulses (Mace 1994). This would also allow for the 
inclusion of an SPR threshold more reflective of the currently fished stock. Additionally, a range of 
management scenarios were evaluated without the restriction of real world feasibility. Omitted from these 
evaluations are the socioeconomic impacts that may result from various management changes. Lengthy 
seasonal closures and large increases to declaw length are likely to cause discord among fisherman, 
wholesalers, and retail markets. For this reason, trap modifications allowing for the inclusion of cull rings, 
retention of the current declaw length, and season opening and closures reflective of water temperature 
may benefit the fishery. These changes have the potential to decrease mortality of sublegal and declawed 
crabs, while increasing efficiency during trap culling. Although adaptive temperature-based closures may 
decrease season length in southern Florida, compared to northern Florida, the impact of decreased 
mortality on the spawning stock also has the potential to increase recruitment in future years. Modest 
changes such as these have the potential to benefit the stone crab spawning stock, but warrant further 
scrutiny prior to any management changes.  
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Tables 
 
Parameter Female Male Definition
W Wet weight (g)
CW Carapace width (mm)
CWp Carapace width prior to molting
CL Crusher claw length
PL Pincer claw length
ma Proportion of individuals mature at age
CWm 42 mm 35 mm Size at maturity – inflection point of logistic equation
σCWm 3 mm 3 mm Standard deviation of maturity logistic equation
f a Fecundity at age
P s Proportion of individuals spawning each month
M a Natural mortality at age as estimated by Lorenzen curve
M (t) Scaled natural mortality at age
M target Target natural mortality of vulnerable age classes
n 60 mo 72 mo Number of exploited age classes
t max 96 mo 96 mo Maximum age class
t c 36 mo 24 mo First vulnerable age class
v c(a) Proportion of individuals vulnerable to capture
v 1(a) Proportion of individuals vulnerable to 1 claw removal
v 2(a) Proportion of individuals vulnerable 2 claws removed
D c Proportion of released crabs dying from capture
D 1 Proportion of released crabs dying from 1 declaw
D 2 Proportion of released crabs dying from 2 declaw
Cap 50 mm 50 mm Size at capture – inflection point of logistic equation
σCap 3 mm 3 mm Standard deviation of capture logistic equation
DC 65 mm 65 mm Size at declaw – inflection point of logistic equation
σDC 0.7 mm 0.7 mm Standard deviation of declaw logistic equation
T Mean monthly temperature
P f Proportion of fishing mortality applied monthly
F c Fishing mortality of captured crabs that are not declawed
F 1 Fishing mortality of crabs with 1 claw removed
F 2 Fishing mortality of crabs with 2 claws removed
F Sum of fishing mortality
l a Survivorship – l o  = unfished, l f  = fished
H Harvest rate
Z Total mortality
Table 5.1 Model Parameters and Values
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Management Scenarios Female SPR Male SPR
Baseline 0.71 0.62
<24°C 0.76 0.69
<21°C 0.9 0.86
70 mm/ 55 mm 0.71 0.62
75 mm/ 55 mm 0.73 0.7
80 mm/ 60 mm 0.78 0.7
November 1st - March 30th 0.83 0.8
November 1st - April 30th 0.78 0.76
December 1st - March 1st 0.91 0.89
Table 5.3 Spawning potential ratio (SPR) under multiple management scenarios. 
Temperature dependent seasonal closures  include <24°C season that corresponds to 
November 1st- April 30th, and a <21°C season that corresponds to December 1st - 
March 1st. Declaw and capture  scenarios evaluate SPR at varying declaw length as 
well as size at 50% vulnerability to capture. Declaw, Capture, Seasonal Closure 
scenarios evaluate three management scenarios with increased declaw length to 75 mm, 
and 50% vulnerability to capture at 55 mm. All scenarios were evaluated at a harvest 
rate of 0.4.
Temperature Dependent Seasonal Closures
Declaw and Capture
Declaw, Capture, Seasonal Closure
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Figures 
 
 
Figure 5.1 Stone crab claw landings (tonnes) and value (US$) by season (October 15–May 15). Data provided by the Florida Fish and Wildlife 
Conservation Commission, Fish and Wildlife Research Institute Marine Resources Information System, Marine Fisheries Trip Ticket Program. 
*Designates hurricane year with heavy trap loss.  
* 
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Figure 5.2 Female stone crab life history schedules: A) Carapace width by age B) Proportion of mature 
individuals by carapace width C) Fecundity (number of eggs produced) by carapace width D) Natural 
mortality by age E) Proportion of crabs vulnerable to capture, 1 declaw, and 2 declaw by carapace width 
F) Proportion of crabs dying after release from capture, 1 declaw, and 2 declaw by temperature.  
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Figure 5.3 Male stone crab life history schedules: A) Carapace width by age B) Proportion of mature 
individuals by carapace width C) Natural mortality by age D) Proportion of crabs vulnerable to capture, 1 
declaw, and 2 declaw by carapace width E) Proportion of crabs dying after release from capture, 1 
declaw, and 2 declaw by temperature.  
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Figure 5.4 Spawning potential ratio as a function of two sizes at sexual maturity, for both the female and 
male populations. Size at maturity fishing mortality is kept constant, at 0.4.  
 
 
 
 
 
 
 
 
 
 
 
 110 
 
 
Figure 5.5 Spawning potential ratio (SPR) sensitivity to natural mortality estimates for the female and 
male populations. Each natural mortality value represents the target natural mortality described in the 
Lorenzen function. Fishing mortality was kept constant at 0.4.  
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Figure 5.6 Spawning potential ratio as a function of declaw length, of the female population, under a 
range of fishing mortalities. Solid line represents current minimum declaw length (70 mm). 
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Figure 5.7 Spawning potential ratio as a function of declaw length, of the male population, under a range 
of fishing mortalities. Solid line represents current minimum declaw length (70 mm). 
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Figure 5.8 Spawning potential ratio as a function of capture size, for both female and male populations. 
Fishing mortality is kept constant, at 0.4.   
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CHAPTER SIX 
 
Conclusions 
 
The research presented in this dissertation assessed the size at sexual maturation, fecundity, and 
spawning potential ratios in the Florida stone crab, Menippe mercenaria. The first major finding revealed 
that the size (carapace width) at maturation in both female and male stone crabs is smaller than previously 
estimated. Histological sampling and analysis techniques used in this study improved the ability to detect 
behavioral and functional maturity in females, without the presence of an external egg mass. In addition, 
decision tree analysis allowed for a more precise estimate of the size at sexual maturation, including 
estimates of error in current classification and the potential for error associated with future analyses. 
These smaller females likely contributed to the reproductive population one to two times prior to fishery 
recruitment. Temporal comparisons with the results of previous studies were limited, however, due to 
differences in techniques. It is possible that small females may have been contributing to the population 
undetected by earlier studies and potentially responsible for the ability of the population to persistent 
despite overcapitalization of the fishery.  Previous estimates of male size at sexual maturity also were 
limited to morphological techniques. Once again, the use of histology revealed that physiological maturity 
in males occurs at a smaller size than previously estimated, and these smaller males likely contribute to 
the reproductive population one to two times prior to fishery recruitment. Previous stone crab behavioral 
studies indicate that large males out compete small males in mating encounters. The size selective nature 
of the fishery, however, removes large mature males from the population, thus providing the opportunity 
for small males to copulate. It is critical to obtain accurate size at sexual maturation data for the Florida 
stone crab fishery to inform stock assessment models, and improve the management of the population. 
Future monitoring to detect changes in size at sexual maturity over time is needed, particularly if the 
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observations in this study are reflective of the plasticity of the species, or are an evolutionary adaptation 
to overexploitation.   
Fecundity analyses revealed a strong relationship between batch fecundity, carapace width, time, 
and location. Batch fecundity increased with increasing carapace width, was highly variable among 
months, and varied between years.  This variability is common and established in multiple crustacean 
species. The dissimilarity in fecundity among locations was unexpected, especially given that there was 
no apparent latitudinal gradient. The two regions that have the highest fecundity were the intermediate 
sites at Tampa Bay and Pavilion Key (Everglades).  I hypothesized that the observed differences may be 
driven by enhanced riverine and nutrient input onto the shelf and ultimately to food quality and quantity 
at these sites, combined with variations in the regional fishing effort. In south Florida, there is 
considerable overlap in the stone crab spawning season and the beginning of the fishing season. Recent 
studies have shown that there is a strong relationship between water temperature and declaw mortality.  
Thus, the spawning population in this region may be subject to higher mortality during critical periods of 
larval release, followed closely by molting and mating events.  The regional variation in fishery practices 
and reproductive output of stone crabs illustrate the need for further work identifying critical spawning 
and recruitment areas throughout the west coast of Florida. To fully understand how this variability 
influences the cyclical nature of the stone crab population, we must continue to explore the influence of 
regional ecological processes, stock-recruitment relationships, and larval dispersal patterns.  
The spawning potential ratio (SPR) model was implemented to examine the response of a 
theoretical stone crab population to alternative biological and management scenarios. Simulations 
revealed that size at sexual maturity and natural mortality have a large influence on the spawning 
potential ratio, further confirming the need for accurate reproductive and natural mortality estimates. 
Spatial and temporal variation in these parameters has the potential to greatly influence biological 
reference points (BRPs) and, thus, management decisions based on developed BRPs. The inclusion of 
newly established temperature-dependent declaw mortality estimates improved our ability to assess the 
potential influence of the fishery on the stone crab spawning stock. Simulations determined that 
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decreasing the seasonal timing and duration of the fishery, based on the mean monthly temperature were 
effective in increasing the SPR by at least 10%. Application of these findings to present management 
strategies could be achieved by using adaptive closures, when water temperatures are below 24°C. 
Adaptive closures would mirror the regional differences in environmental conditions, fishing practices, 
and the biological processes of the stone crab. Additionally, small changes to trap design, such as the 
inclusion of cull rings, are a simple measure to protect sublegal crabs. The development of this per recruit 
model is one of the first steps in development and implementation of population assessments for the 
Florida stone crab. Until this point, assessments have been a reflection of fisheries catch and effort, which 
are subject to economic and environmental parameters. The ability to include newly developed biological 
indices and the accurate declaw mortality will greatly improve future assessments and management of the 
valuable stone crab fishery.  
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